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FOREWORD 

Thi  s  r e p o r t  summarizes research on the r e l a t i o n s h i p  o f  degree o f  consol i d a t i o n  
t o  c r i  t i c a l  performance p r o p e r t i e s  o f  p o r t 1  and cement concrete ( PCC) pavements 
and on the s u i t a b i l i t y  o f  nuc lear  dens i t y  gauges f o r  mon i t o r i ng  conso l i da t i on  
o f  such pavements. I t  w i l l  be o f  i n t e r e s t  t o  m a t e r i a l s  and cons t ruc t i on  
engineers concerned w i t h  PCC cons t ruc t i on .  
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Copies o f  t h i s  r e p o r t  a re  be ing d i s t r i b u t e d  by FHWA t r a n s m i t t a l  memorandum. 
S u f f i c i e n t  copies a re  being d i s t r i b u t e d  t o  p rov ide  a  minimum o f  one copy t o  
each r e g i o n a l  and d i v i s i o n  o f f i c e  and two copies t o  each S ta te  highway 
agency. D i r e c t  d i s t r i b u t i o n  i s  be ing made t o  the d i v i s i o n  o f f i c e s .  
A d d i t i o n a l  copies may be ob ta ined  f rom the Na t i ona l  Technica l  I n fo rma t i on  
Service, 5285 P o r t  Royal Road, S p r i n g f i e l d ,  V i r g i n i a  22161.* 
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T ranspo r ta t i on  i n  the i n t e r e s t  o f  i n f o r m a t i o n  exchange. The Un i t ed  S ta tes  
Government assumes no l i a b i l i t y  f o r  the contents  o r  use thereo f .  

The con ten ts  o f  t h i s  r e p o r t  r e f l e c t  the views o f  the con t rac to r ,  who i s  
respons ib le  f o r  the accuracy o f  the data presented here in .  The contents  do 
n o t  necessa r i l y  r e f l e c t  the o f f i c i a l  p o l i c y  o f  the Department o f  
T ranspor ta t ion .  

T h i s  r e p o r t  does n o t  c o n s t i t u t e  a  standard, s p e c i f i c a t i o n ,  o r  r e g u l a t i o n .  

The Uni t ed  S ta tes  Government does n o t  endorse products  o r  manufacturers.  
Trade o r  manufacturers ' names appear here i  n  on ly  because they a re  considered 
e s s e n t i a l  t o  the  o b j e c t i v e  o f  t h i s  document. 
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INTRODUCT ION 

Port land cement concrete (PCC) has proven t o  be a  v e r s a t i l e ,  strong, and 

durable ma te r i a l  f o r  cons t ruc t i on  o f  highway pavements. The combination o f  

t r a f f i c  loading, wear, temperature stresses, f reezing,  and a p p l i c a t i o n s  o f  

de l c lng  agents, however, r e s u l t s  i n  a  severe environment which requ i res  the  

use o f  h lgh  q u a l i t y  concrete ma te r ia l s  and p rac t i ces  I f  t h e  pavement i s  t o  

perform as designed over i t s  serv ice  l i f e .  , , ; ~ a C U ) . ~ ~ ~ ~ ~ w r s ~ 3 ~ ~ t ~ -  I s  b~$, 

~ n q w $ ~  &bb$4 W&%@%bd -W d%%$9&i&q@$@&t1 A know1 edge o f  t h e  e f f e c t s  

o f  incomplete conso l i da t i on  on various concrete p rope r t i es  i s  needed so t h a t  

t he  r e l a t i o n s h i p  between such f a c t o r s  as s t rength  and degree o f  conso l i da t i on  

can be q u a n t i f i e d  and used by Sta te  highway agencies i n  preparation o f  q u a l i t y  

c o n t r o l  spec i f i ca t i ons .  



LITERATURE REVIEW 

P r i o r  t o  i n i t i a t i o n  o f  labora tory  s tudies,  a  l i t e r a t u r e  study was 

conducted. Thls study was designed t o  ob ta in  i n fo rma t ion  on the  e f f e c t  o f  

conso l i da t i on  on p rope r t i es  o f  concrete important  i n  highway app l i ca t i ons .  

The p rope r t i es  o f  i n t e r e s t  inc luded s t rength  (compressive and f l e x u r a l ) ,  bond 

t o  r e i n f o r c i n g  s tee l ,  permeab i l i t y ,  and freeze-thaw d u r a b i l i t y .  

1. General 

I s  usua l l y  honeycombed w i t h  entrapped a i r .  Consol idat ion, u s u a l l y  achieved 

through mechanical v i b r a t i o n ,  i s  needed t o  e l im ina te  these voids which 

otherwise would r e s u l t  i n  a  weak, porous, and nondurable ma te r i a l .  There a re  

many e x c e l l e n t  pub l i ca t i ons  which descr ibe the  technique and equipment needed 

t o  p rope r l y  conso l ida te  concrete. These inc lude:  an NCHRP synthesis,  the  A C I  

Standard P rac t i ce  f o r  Consol idat ion o f  Concrete, and other  review 

a r t i c l e s .  * 2 9 3 s 4 )  There I s  l i t t l e  de ta i led ,  q u a n t i t a t i v e  i n fo rma t ion  i n  

these sources, however, desc r ib ing  how tmportant concrete p rope r t i es  vary w l t h  

degree o f  conso l ida t ion .  For t h i s  reason, o r i g i n a l  l i t e r a t u r e  sources were 

consul ted i n  t he  various areas o f  i n t e r e s t .  In fo rmat ion  obtained i s  described 

below. 

2. E f f e c t  o f  Consol idat ion on Strength o f  Concrete 

Perhaps the  e a r l i e s t  (and most w ide ly  u t i l i z e d  study) i s  t h a t  o f  

G l a n v i l l e .  (5 )  While t h i s  study had as i t s  main o b j e c t i v e  the  determinat ion 

o f  e f f e c t  o f  aggregate gradat ion on st rength,  some l i m i t e d  work was done w i t h  

p a r t i a l  compaction o f  concrete. G l a n v i l l e ' s  r e l a t i o n s h i p  i s  reproduced as 

f i g u r e  1. These data i n d i c a t e  a  drop o f  approximately 30 percent i n  s t rength  

(measured on 6- inch (150 mn) cube specimens) f o r  a  decrease i n  degree o f  

conso l i da t i on  from 100 t o  95 percent.  A decrease o f  10 percent i n  degree o f  

conso l i da t i on  i s  accompanied by a  decrease o f  almost 60 percent i n  s t rength.  

Results obtained by Kaplan i n  a  l a t e r  study were v i r t u a l l y  i d e n t i c a l ,  showing 

a  30 percent drop i n  compressive s t rength  f o r  a  decrease i n  degree o f  

conso l i da t i on  o f  5 percent and a  50 percent s t r e  g t h  decrease f o r  a  10 percent 
reduc t ion  i n  conso l ida t ion .  (6)  

1 
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Figure 1. Re1 ation between strength ra t io .  and density ra t io  (reference 5 ) .  



Kaplan a l s o  repor ted a  f l e x u r a l  s t reng th  reduct ion  o f  24 percent a t  5 

percent decrease i n  consolidation and 45 percent f o r  a  10 percent decrease, 

these values being somewhat less  than corresponding reduct ions i n  compressive 

st rength.  Other s tud ies  i n  t h l s  area i nc lude  those by stewart") and 

~ a l b o t  ,(8) where s iml  l a r  r e s u l t s  were obtained. 

I n  a d d i t i o n  t o  l abo ra to ry  studies, a  l i m i t e d  amount o f  f i e l d  data r e l a t i n g  

conso l i da t i on  t o  concrete s t rength  are  a l s o  ava l l ab le .  McBride repor ted a  

l oss  o f  approximately 1,000 p s i  (6.9 MPa) i n  compressive s t rength  o f  pavement 
3 3 cores f o r  a  reduc t ion  o f  5 1 b / f t  (80 kg/m ) I n  dens i ty .  Gerhardt 

noted an average d i f f e r e n c e  o f  compressive s t reng th  o f  approximately 400 p s i  

(2.8 MPa) when cores were obtained from concrete d i r e c t l y  i n  t he  path o f  paver 

mounted v i b r a t o r s  as opposed t o  cores obtained from areas between the  

v ib ra to rs .  (10) 

3. E f f e c t  o f  Consol idat ion on Bond t o  Re in forc inq  Steel  

There i s  very l i t t l e  q u a n t i t a t i v e  i n fo rma t ion  r e l a t i n g  t o  the  e f f e c t s  o f  

conso l i da t i on  on bond o f  concrete t o  reinforcement.  While s tudies on 

H r e v i b r a t i o n "  i n d i c a t e  t h a t  a  reduc t ion  i n  vo id  space between reinforcement 

and concrete (which i s  a  major b e n e f i t  o f  r e v i b r a t i o n )  i s  indeed b e n e f i c i a l  

f rom t h e  p o i n t  o f  bond, t h l s  a d d i t i o n a l  conso l i da t i on  i s  normal ly app l ied  a  

number o f  hours a f t e r  the  concrete i s  placed; there fore ,  t he  e f f e c t s  may no t  

be the  same as when degrees o f  conso l ida t ion  o f  concrete v ib ra ted  immediately 

a f t e r  placement a re  compared. (11) 

An i n d i c a t i o n  o f  t he  e f f e c t s  o f  conso l i da t i on  on bond may be i n f e r r e d  from 

the  work o f  Hognestad and Siess. (") I n  these studies, p u l l o u t  t e s t s  were 

performed on deformed bars i n  var ious conf igura t ions .  While the  major 

v a r i a b l e  was t h e  l e v e l  o f  entra ined a i r ,  as a  f i r s t  approximation one may 

assume t h a t  an increase i n  entra ined a i r  content  w i l l  have an e f f e c t  on bond 

s i m i l a r  t o  t h a t  o f  a  decrease i n  degree o f  conso l ida t ion .  For these studies,  

an increase o f  1  percent i n  a i r  content  resu l ted  i n  a  decrease o f  10 percent 

i n  bond. 

4. E f f e c t  o f  Consol idat ion on Freeze-Thaw D u r a b i l i t y  o f  Concrete 

Most s tudies dea l i ng  w i t h  e f f e c t s  o f  conso l l da t l on  on freeze-thaw 

d u r a b i l i t y  have been concerned w i t h  the  e f f e c t s  o f  overconsol ldat ion,  t h a t  i s ,  

how prolonged v i b r a t i o n  in f luences durability. The consensus w i t h  regards t o  

t h i s  issue, as demonstrated i n  s tudies by Tynes 3, and Backstrom, (14) is 



t ha t ,  w h i l e  v i b r a t i o n  may remove some o f  t he  en t ra ined a i r  f rom concrete, i t  

i s  most ly the  l a r g e r  s izes o f  voids which a re  d isp laced from t h e  concrete, and 

the  remaining vo id  system, w h i l e  having lower t o t a l  a i r  content,  genera l l y  

e x h i b i t s  spacing f a c t o r s  w i t h i n  acceptable l i m i t s .  a'"- - 
I n  s p i t e  o f  an extensive l i t e r a t u r e  search, no documented i n fo rma t ion  

concerning t h e  e f f e c t s  o f  incomplete conso l i da t i on  on freeze-thaw d u r a b i l i t y  

was found. 

5. E f f e c t  o f  Consol idat ion on S t r u c t u r a l  Response o f  Concrete Pavements 

Inadequate conso l i da t i on  o f  concrete may a f f e c t  concrete pavement 

s t r u c t u r a l  response and, there fore ,  performance as fo l l ows :  

Reduced serv ice  l i f e  due t o  lower s t rength.  

Poor performance a t  doweled joints ' .  

E f f e c t  on c rack ing  i n  cont inuously  re in fo rced  concrete pavements. 

a. E f f e c t  on Serv ice L i f e  

. For 

equal design t r a f f i c ,  a pavement w i t h  lower s t reng th  concrete would r e q u i r e  a 

l a rge r  pavement thickness. Conversely, i f ,  because o f  poor conso l fda t ion ,  the  

a s - b u i l t  concrete s t reng th  i s  lower than requ i red  by design, then the  pavement 

serv ice  l i f e  can be expected t o  be s i g n i f i c a n t l y  lower. 

An i l l u s t r a t i o n  o f  t he  e f f e c t  o f  concrete s t rength  on pavement serv ice  

l i f e  i s  g iven below using the  procedures d e t a i l e d  i n  t h e  "AASHTO Guide f o r  

Design o f  Pavement Structures.  11(15) 

The f o l l o w i n g  design parameters were used t o  p r o j e c t  se rv i ce  l i f e  o f  

pavement sect ions w i t h  d i f f e r e n t  concrete st rengths:  

Design Slab Thickness = 10 inches (250 mm) 
3 Modulus o f  Subgrade Reaction = 300 p c i  (0.08 N/mrn ) 

Drainage Coe f f i c i en t ,  Cd = 1.0 

Load Transfer Coe f f i c i en t ,  J = 3.2 (Doweled) 

Concrete Modulus o f  E l a s t i c i t y  = 4,200,000 p s i  (29 GPa) 

Terminal Pavement S e r v i c e a b i l i t y  Index = 2.5 



Design R e l i a b i l i t y ,  R = 90 percent 

Overa l l  Standard Dev ia t ion  ( f o r  design equat ion) = 0.30. 

Using t h i s  approach the  pro jec ted  serv ice  l i f e  o f  pavement sect ions could 

range from 20 years f o r  a concrete f l e x u r a l  s t reng th  o f  600 p s i  (4.1 MPa) t o  

approximately 6 years f o r  a concrete f l e x u r a l  s t rength  o f  400 p s i  (2.7 MPa). 

This demonstrates t h a t  concrete s t rength  has a s i g n i f i c a n t  e f f e c t  on 

a n t i c i p a t e d  se rv i ce  l i f e  o f  a pavement. 1 

Loss i n  serviceability genera l l y  occurs due t o  development o f  a l a r g e r  

amount o f  s lab  c rack ing  due t o  reduced concrete st rength.  Slab c rack ing  

models f o r  p l a i n  concrete pavement a re  genera l l y  o f  the  f o l l o w i n g  form: 

CRACKING = f (ESAL, SR) 

where: CRACKING = t o t a l  length  o f  cracks, f t / l a n e  m i l e  (m/lane Km) 

ESAL = accumulated 18-kip (124 MPa) equ iva len t  s ing le -ax le  loads. 

SR = r a t i o  o f  edge stress/modulus o f  rup tu re  computed f o r  a 

reference wheel load 

Based on a recent  nat ionwide survey o f  p l a i n  concrete pavements, (16) 

concrete f l e x u r a l  s t rength  was found t o  have a s i g n i f i c a n t  i n f l uence  on the  

amount o f  midslab cracking.  

Another way t o  consider the  e f f e c t  o f  lower s t rength  i s  t o  consider the  

f a t i g u e  behaviour o f  p l a i n  concrete. For a g iven app l ied  s t ress  l e v e l ,  the  

s t ress  r a t i o  f o r  a lower s t rength  concrete i s  h igher  and t h i s  would r e s u l t  i n  

a smal ler  number o f  load app l i ca t i ons  t o  f a i l u r e .  Several concrete pavement 

design procedures incorpora te  the  f a t l g u e  behavlour o f  concrete f o r  

determinat ion o f  requ i red  s lab  thickness. (17918) I f  the  e f f e c t  o f  poor 

conso l i da t i on  were t o  be accounted f o r  I n  these procedures, then l a r g e r  s lab  

thicknesses would be requ i red  f o r  a g iven se t  o f  design cond i t ions .  

b. E f f e c t  on Doweled Jo in t s  

Inadequate conso l l da t l on  o f  concrete may r e s u l t  I n  poor performance o f  

doweled j o i n t s .  When dowel baskets a re  used, incomplete conso l i da t i on  may 

r e s u l t  i n  honeycombed concrete under the  dowels. - 



I f  concrete surrounding t h e  dowels has voids o r  i s  n o t  s t i f f  enough, 

then the  dowels may n o t  be as e f f e c t i v e  i n  t r a n s f e r r i n g  load across a j o i n t .  

This  de f i c i ency  may u l t i m a t e l y  r e s u l t  i n  f a u l t i n g  and pumping. as w e l l  as 

sur face o r  bottom spa l l i ng ,  a t  j o i n t s .  

Whi le t h e  e f f e c t  o f  concrete s t reng th  on j o i n t  s p a l l i n g  i s  gene ra l l y  

recognized, on l y  l i m i t e d  data e x i s t  t o  d i r e c t l y  r e l a t e  doweled j o i n t  

performance t o  cbncrete s t rength.  Laboratory work by Marcus d u r i n g  t h e  e a r l y  

t h a t  t h e  a l lowab le  bear ing  s t ress  under a dowel should be about 80 percent  t o  

100 percent  o f  t h e  concrete compressive s t rengths  f o r  dowels ranging i n  

diameter from 1 t o  1-1/2 inches (25 t o  37 m). 

Thus, i f  concrete s t reng th  i s  lower than designed f o r ,  dowel f a i l u r e  t n  

t h e  form o f  s p a l l i n g  around t h e  dowel may be expected. 

I n  a d d i t i o n  t o  bear ing  type  f a i l u r e ,  dowel looseness may develop e a r l i e r  

i f  concrete s t reng th  i s  low and t h i s  w i l l  r e s u l t  i n  poor load t r a n s f e r  across 

j o i n t s .  

c. E f f e c t  on Cont inuously Reinforced Concrete Pavement (CRCP) 

For cont inuously  re in fo rced  concrete pavements, t h e  e f f e c t  o f  inadequate 

conso l i da t i on  a f f e c t s  two q u a n t i t i e s ,  pavement s e r v i c e a b i l i t y  and crack 

spacing. 

The e f f e c t  o f  low concrete s t reng th  on pavement serviceability i s  s i m i l a r  

t o  t h a t  discussed p rev ious l y  ( s e c t i o n  5-a). 

For CRCP, concrete s t reng th  a l s o  a f f e c t s  crack spacing. .. _ 
- -- Whi le smal ler  crack spacing 

r e s u l t s  i n  cracks being t i g h t l y  closed, t he re  i s  a l i m i t  t o  how smal l  t he  

crack spacing can be i n  CRCP. 
- - 

minimum crack spacing des i red  can be approximated by t h e  f o l l o w i n g  

equation:. (20) 



where: L = minimum crack spacing, i n c h  (mm) 

d = r e i n f o r c i n g  s t e e l  bar  diameter, i n c h  ( m )  

S Y  
= s t e e l  y i e l d  s t ress,  p s i  (MPa) 

fu = concre te /s tee l  bond st ress,  p s i  

As an example, f o r  3/4-inch (19 m)-d iameter  Grade 60 (410 MPa) r e i n f o r c i n g  bars, 

crack spacing would range f rom approximately 19 f t  (5.8 m) f o r  a  bond s t ress  

o f  100 p s i  (0.7 MPa) t o  4 f t  (1.2 m) f o r  a  bond s t ress  o f  500 p s i  (3.5 MPa). 

Normally, crack spacings i n  CRCP range f rom 4 t o  6 f t  (1.2 t o  1.8 m). A 

mtntmum bond s t reng th  o f  about 300 p s i  (2.1 MPa) I s  requ i red  f o r  an average 

CRCP. I t  should be noted t h a t  lower concrete s t reng th  r e s u l t s  I n  smal ler  

crack spacing. Therefore, unless a minimum concrete s t reng th  i s  ava i l ab le ,  

t h e  CRCP may e x h i b i t  excessive d i s t r e s s  due t o  c o n c r e t e h t e e l  bond f a l l u r e .  

d. F i e l d  Eva lua t ion  o f  t h e  E f f e c t  o f  Conso l ida t ion  on Pavement S t r u c t u r a l  

Response 

Concern w i t h  eva lua t i on  o f  t he  degree o f  conso l i da t i on  o f  i np lace  concrete 

i n  pavements has gene ra l l y  been expressed i n  re la tSon t o  cons t ruc t i on  o f  

con t inuous ly  re ln fo rced  concrete pavements (CRCP). I t  has been f e l t  t h a t  

because o f  t h e  heavy r e i n f o r c i n g  used and because o f  use o f  t h e  t w o - l i f t  

placement technique, adequate conso l i da t i on  o f  concrete may no t  be achieved on 

some CRCP p ro jec t s .  Many f i e l d  s tud ies  o f  CRCP d i d  con f i rm  t h a t  inadequate 

conso l i da t i on  was a problem on several  e a r l y  CRCP p r o j e c t s  and t h a t  t h e  

problem r e s u l t e d  i n  honey-combed concrete below t h e  r e i n f o r c i n g  

I 
Wlth experience gained over t he  years, problems due t o  poor conso l i da t i on  

a r e  now less  f requent .  These problems have been minimized by most highway 

agencSes by use o f  s p e c i f i c a t i o n s  f o r  pav ing concrete t h a t  i nco rpo ra te  

requirements f o r  proper  v i b r a t i o n  o f  concrete. 

However, t he re  i s  s t i l l  some r i s k  t h a t  inadequate concrete conso l i da t i on  

may occur l n  p l a i n ,  re in fo rced,  o r  cont inuously  re in fo rced  concrete pavements 

because o f  h igher  placement rates,  use o f  heavy re inforcement  (CRCP), t w o - l i f t  

cons t ruc t ion ,  inadequate specifications r e l a t e d  t o  consolidation o f  concrete, 

and poor q u a l i t y  c o n t r o l  a t  t h e  s i t e .  

Dur ing a recent  ex tens ive  study t o  r e l a t e  q u a l i t y  c o n t r o l  parameters w i t h  

concrete pavement performance, an at tempt  was made t o  evaluate t h e  e f f e c t  o f  
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r e l a t i v e  concrete dens i t y  ( conso l i da t i on )  on pavement performance. ( 2 5 )  

Q u a l i t y  c o n t r o l  and performance data were c o l l e c t e d  f rom 104 p r o j e c t s  f rom 

F lo r i da ,  Louisiana, Maryland, New York, and Ohio. However, because concrete 

dens i t y  data were n o t  a v a i l a b l e  f o r  many p ro jec t s ,  c o r r e l a t i o n s  were n o t  

developed between r e l a t i v e  concrete dens i t y  and pavement performance. 

6. Conclusions Drawn f rom L i t e r a t u r e  Survey 

Resul ts  o f  t h e  l i t e r a t u r e  survey i n d i c a t e  t h a t  conso l i da t i on  may have a  

s i g n i f i c a n t  a f f e c t  on m a t e r i a l  p rope r t i es  and f i e l d  performance o f  concrete. 

; however, t h e  e f f e c t s  

o f  vo ids on-bond due t o  l ack  o f  conso l i da t i on  have n o t  been t h e  sub jec t  o f  

Conso l ida t ion  w i l l  a f f e c t  pavement se rv i ce  l i f e  as r e f l e c t e d  i n  i t s  e f f e c t  

on f l e x u r a l  s t rength.  Inadequate conso l i da t i on  may lead t o  premature pavement 

f a i l u r e .  Conso l ida t ion  .can a l s o  a f f e c t  load  t r a n s f e r  across doweled j o i n t s ,  

and poor conso l i da t i on  can thereby decrease j o i n t  e f fec t i veness .  

Hore i n fo rma t i on  i s  needed on the  i n f l u e n c e  o f  mix va r i ab les  such as 

aggregate type, cement con ten t  and a i r  con ten t  on r e l a t i o n s h i p s  between 

conso l i da t i on  and impor tan t  phys i ca l  p rope r t i es  o f  concrete. To o b t a i n  such 

In fo rma t i on  a  l abo ra to ry  study was inc luded as p a r t  o f  t h i s  research program. 



LABORATORY STUDY: EFFECTS OF CONSOLIDATION ON SOME IMPORTANT PROPERTIES OF 

CONCRETE 

1. Object ives and Scope 

This research had two pr imary ob jec t ives .  The f i r s t  o b j e c t i v e  was t o  

determine the  r e l a t i o n s h i p s  between degree o f  conso l i da t i on  o f  concrete and 

i t s  compressive st rength,  bond t o  r e i n f o r c i n g  s tee l ,  c h l o r i d e  permeab i l i t y ,  

and res is tance t o  f reez ing  and thawing. The second o b j e c t i v e  was t o  determine 

~ t h e  i n f l uence  o f  such f a c t o r s  as cement content,  a i r  content,  and aggregate 

type on these re la t i onsh ips ,  and t o  develop q u a n t i t a t i v e  expressions which 

could be used i n  development o f  s t a t i s t i c a l l y  based q u a l i t y  assurance 
I 

s p e c i f i c a t i o n s .  rr 

The ob jec t i ves  were c a r r i e d  o u t  w i t h l n  the  f o l l o w i n g  scope: 

1. A i r -en t ra ined concretes were prepared us ing  grave l  and crushed 
l imestone aggregates over a  range o f  cement contents encompassing 
those c u r r e n t l y  used i n  highway pavement cons t ruc t ion .  

2. Concretes were consol idated us ing standard p r a c t i c e  (100 percent 
conso l i da t i on )  and a t  nominal l e v e l s  o f  92 and 85 percent.  I n  
add i t i on ,  a  ser ies  o f  concretes were d e l i b e r a t e l y  overconsol idated. 

3 .  Concrete specimens were prepared and tes ted  f o r  28-day compressive 
st rength,  28-day bond t o  r e i n f o r c i n g  s t e e l  (bond s t ress  a t  0.01-inch 
(0 .25  mrn) loaded-end s l i p ) ,  c h l o r i d e  pe rmeab i l i t y  (AASHTO T  277: 
Rapid Method), and freeze-thaw res is tance (ASTM C 666-Procedure A ) .  

4. Data were s t a t i s t i c a l l y  analyzed i n  order  t o  develop q u a n t i t a t i v e  
r e l a t i o n s h i p s  between degree o f  conso l i da t i on  and the  p rope r t i es  
inves t iga ted .  Expressions were developed t o  a l l o w  p r e d i c t i o n  o f  
p rope r t i es  based on degree o f  conso l ida t ion ,  a i r  content,  and cement 
content  o f  t he  mixtures.  

2. Experimental 

a. Ma te r i a l s  

The cement used was a  blend o f  th ree  ASTM Type I cements a v a i l a b l e  i n  the  

Chicago, I l l i n o i s ,  area. Physical and chemical p rope r t i es  o f  the  cement blend 

a r e  g iven i n  t a b l e  1. 

Aggregates used were a  predominantly do lom i t i c  na tu ra l  sand from E lg in ,  

I l l i n o i s ,  a  crushed subangular do lom i t i c  l imestone from Thornton, I l l i n o i s ,  

and a  p a r t i a l l y  crushed, rounded s i l i c e o u s  r i v e r  g rave l  f rom Eau C la i re ,  

Wisconsin. Relevant p rope r t i es  are  g iven i n  t a b l e  2. 



Table 1. Composition o f  cement blend. 

I tern Percent 

~ l k a l i  (as NapO) 
so3 
MgO 
Loss on I g n l t i o n  
Inso lub le  Residue 
S p e c i f i c  Grav i t y  
B la ine  Fineness (cm2/gm) 

Table 2. Aggregate proper t ies .  

Elqtn, I l l i n o i s ,  Ftne Aggregate 

Grading - X Retained on Fineness Bulk Spec i f i c  Absorpt ion 
Sieve Size Ind i ca ted  Modulus Grav i t y  - SSD " - X ,  by wt. 

Coarse Aggregate 

Grading - X Retained on Bulk Spec i f i c  Absorpt ion 
Sieve Size Ind ica ted  Grav i ty  - SSD - X by wt. 

3/4 i nch  3/8 i nch  No. 4 
Thornton 

Stone 0 50 100 

Eau C l a l r e  
Gravel 0 50 100 

The on ly  admixture u t i l i z e d  was an a i r - e n t r a i n l n g  agent c o n s i s t i n g  o f  a 2 

percent s o l u t i o n  o f  neu t ra l i zed  Vinsol  res in .  

b. Mix Designs 

Three mix designs were used i n  t h i s  study. The combination o f  these mix 

designs an.d two aggregate types lead t o  the  s i x  nominal mixtures summarized i n  

t a b l e  3. 

Data publ ished by the  Port land Cement Associat ion (26)  i n d i c a t e  t h a t  

cement f a c t o r s  c u r r e n t l y  used by Sta te  highway agencies range from a low o f  

470 1b/yd3 (278 kg/m3) t o  a h igh  o f  630 lb /yd3 (374 kg/rn3), w i t h  a mean 



Table 3. Mix summary. 

Mix No. 

1 
2 
3 
4 
5 
6 

Cement Content A i r  Content 

( % I  Coarse Aggregate 

5-7 Thornton Limestone 
5-7 Thornton Limestone 
7-9 Thornton Limestone 
5-7 Eau C l a i r e  Gravel 
5-7 Eau C l a i r e  Gravel 
7-9 Eau C l a i r e  Gravel 

= 1 t o  2 inches (25 t o  50 rnm) 
1 = 1 b / ~ d 3  x 0.5933 

3 o f  556 1b/yd3 (330 kg/m ).  These low and h igh  po in ts ,  however, represent 

on l y  1 S ta te  each. More p r a c t i c a l  upper and lower l i m i t s  would be represented 

s p e c i f i c a t i o n s  repor ted by  hiti in^,'^" i t  was found t h a t  w h i l e  many States 

re ta ined  convent ional ranges such as 4 t o  7 percent, a number o f  States were 

accept ing a l r  contents as h igh  as 9 t o  10 percent, p a r t l y  i n  response t o  

app rec ia t i on  f o r  h igher  a i r  content  requirements i n  severe freeze-thaw and 

de i c ing  environments. For t h i s  reason, two a i r  content  ranges were chosen f o r  

t h e  610 lb/yd3 (360 kg/m3) designs, t h a t  i s ,  5 t o  7 percent and 7 t o  9 

percent.  Slump was nominal ly  he ld  t o  w i t h i n  t h e  range o f  1 t o  2 inches (25 t o  

50 mm) t o  s imulate mixtures t y p i c a l l y  used i n  s l i p f o r m  pavement operat ions. 

Mixes as prepared d i f f e r e d  i n  s l i g h t  respects from the  nominal designs 

g iven i n  t a b l e  3 due t o  e f f e c t  o f  measured a i r  contents on y i e l d .  Actual mix 

analyses, i n c l u d i n g  measured values o f  slump and a i r  content  f o r  each batch, 

a r e  g iven i n  appendix A. 

c. Batchins and M i x i n g  

Coarse aggregate was weighed and then inundated w i t h  water i n  a closed 
I con ta iner  18 t o  24 h p r i o r  t o  mixing. Immediately before mixing, a measured 

amount o f  water was dra ined from the  conta iner ,  such t h a t  the  water remaining 

(which was subsequently placed i n t o  a separate conta iner )  would s a t i s f y  the  

absorp t ion  o f  t he  aggregate p lus  the  ne t  amount o f  water requ i red  f o r  the  

batch. F ine aggregate was weighed and batched i n  a moist  cond i t ion .  A l l  
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3 3 
mix ing was c a r r i e d  ou t  i n  a 1.75-f t  (0.05 m ) counter-current  pan mixer.  

Charging sequence was coarse aggregate, cement, sand, and t h e  remainder o f  the  

mix ing water. 

A mix cyc le  cons i s t i ng  o f  3-min i n i t i a l  mixing, 3-mln res t ,  and 2-mln 

f i n a l  mir ing,  as spec i f i ed  i n  ASTM Designation: C 192 (Making and Curing 

Concrete Test Specimens i n  t he  Laboratory),  was fol lowed. A i r - e n t r a i n i n g  

agent was added a f t e r  an i n i t i a l  20 sec o f  mixing. Immediately f o l l o w i n g  the  

f i n a l  2-min mix period, t h e  concrete was tes ted  f o r  slump and a i r  content.  

d. Specimen Preparat ion 

Four types o f  specimens were prepared i n  t h i s  p r o j e c t .  These consis ted o f  

6- by-12- inch  (15- by 305-mm) cy l i nde rs  f o r  determinat ion o f  compressive 

st rength,  3- by 3- by 11.25-inch (76- by 76- by 286-mm) prisms f o r  freeze-thaw 

tes t i ng ,  2- by 4- inch (50- by 102-mm) d iscs  f o r  determinat ion o f  r a p i d  

c h l o r i d e  permeab i l i t y ,  and concrete cubes f o r  determinat ion o f  bond t o  

r e i n f o r c i n g  s tee l .  These l a t t e r  specimens were cas t  as 6- inch (152-mn) cubes 

w i t h  a c e n t r a l l y  located No. 6 (3/4-inch, 19-mm) deformed 60-ksl  (414 MPa) 

r e i n f o r c i n g  bar located i n  a ho r i zon ta l  p o s i t i o n  du r ing  cast ing.  To ta l  length  

o f  the  r e i n f o r c i n g  bar was approximately 38 inches (965 mm) w i t h  0.375 inches 

(10 mn) o f  the  bar p ro t rud ing  from the  opposi te end o f  the  cas t  specimen. 

The f i r s t  se t  o f  specimens cas t  from each concrete batch was consol idated 

us ing procedures recommended i n  ASTM C 192. This consis ted o f  conso l i da t i on  

by ex terna l  v i b r a t i o n  us ing a t a b l e  v i b r a t o r  w i t h  a frequency o f  7000 rpm 

(116 Hz) and an ampli tude o f  0.004 inches (0.1 mm). V i b r a t i o n  was app l i ed  t o  

specimens he ld  f i r m l y  (bu t  n o t  r i g i d l y  attached) on the  v i b r a t i n g  t a b l e  u n t i l  

the  sur face o f  the  concrete had become r e l a t i v e l y  smooth. Cyl inders and 

blocks were placed i n  two equal layers,  prisms and d iscs  i n  one l aye r .  A f t e r  

f i l l i n g  w i t h  concrete, t he  weights o f  concrete contained i n  each specimen were 

determined so t h a t  subsequent ca l cu la t i ons  o f  amounts o f  concrete needed f o r  

a d d i t i o n a l  sets could be made. 

Knowing the  i n i t i a l  volumes o f  each mold the  amounts o f  concrete needed t o  

f i l l  92 and 85 percent o f  the  mold volume were determined f o r  t h e  second and 

t h i r d  sets. These amounts o f  concrete were then weighed i n t o  each mold. I t  

was no t  poss ib le  t o  conso l ida te  these specimens by v i b r a t i o n  as t h e  s l i g h t e s t  

amount o f  v i b r a t i o n  would r e s u l t  i n  d e n s i f t c a t i o n  above the  des i red  t a r g e t  



values. I n  l i e u  o f  v i b r a t i o n ,  t he  concrete was hand placed i n t o  t h e  molds 

w i t h  on l y  l i m i t e d  manipulat ion requi red t o  achieve the  necessary t a r g e t  

values. 

The f i n a l  ( f o u r t h )  se t  o f  specimens was designed t o  represent a concrete 

which had been overconsol idated. Due t o  the  low slump, good q u a l i t y  

aggregates, and proper mix designs, however, t h i s  o b j e c t i v e  proved d i f f i c u l t  

t o  achieve. Extended per iods o f  v i b r a t i o n  us ing a "spud" i n t e r n a l  v i b r a t o r  

d i d  r e s u l t  i n  segregat ion o f  ma te r i a l  i n  the  immediate v l c l n i t y  o f  t he  

v j b r a t o r ,  bu t  t h i s  was f e l t  t o  be too  heterogeneous t o  be used i n  t e s t  

specimens. A v i b r a t i o n  t ime o f  5 min on the  t a b l e  v i b r a t o r  was f i n a l l y  

chosen, i t  being determined t h a t  t h i s  amount o f  v i b r a t i o n  l e d  t o  i n c i p i e n t  

segregat ion o f  coarse aggregate from the  m ix tu re  and would probably a l s o  

represent  an extreme l i m i t  f o r  ove rv ib ra t i on  i n  the  f i e l d  o f  a mix o f  s i m i l a r  

design and q u a l i t y .  

A l l  specimens were f i n i s h e d  w i t h  a wooden f l o a t  and placed under mois t  

bu r lap  and polyethy lene sheet ing f o r  a 24-h per iod.  Molds were then s t r i pped  

and the  cast ings placed i n  a fog  room a t  73 O F  (23 "C) f o r  the  selected cu r ing  

periods, Cyl inders and cubes were cured f o r  28 days. Prisms were cured f o r  

1 4  days ( i n  saturated l imewater),  Discs were mois t  cured f o r  14 days, a i r  

d r i e d  1 4  days, then tested.  

P r i o r  t o  t es t i ng ,  ac tua l  bu l k  dens i t i es  o f  a l l  specimens were determined 

by d i r e c t  measurement o f  specimen volume and weight ( i n  a i r ) ,  Percent 

conso l i da t i on  was then determined as the  r a t i o s  o f  dens i t i es  o f  specimens i n  

sets 2, 3, and 4 t o  the  average o f  companion specimens i n  se t  No. 1. Due t o  

such f a c t o r s  as: conso l i da t i on  due t o  movement o f  molds i n t o  p o s i t i o n  f o r  

cur ing,  shrinkage upon set, and s l i g h t  v a r i a t i o n s  i n  dimensions o f  molds used, 

ac tua l  percent conso l i da t i on  deviated from nominal ly  chosen values, Average 

standard dev ia t i on  o f  the  d i f f e r e n c e  from nominal values was 2 - 5  l b / f t  3 

3 (40 kg/m ) f o r  a l l  specimens. 

e. Apparatus and Techniques 

A l l  o f  the  techniques used i n  t h i s  program fo l lowed standard t e s t  

methods. D e t a i l s  concerning the  apparatus and t e s t  procedures can be found i n  

t h e  appropr ia te  standards. Only b r i e f  desc r ip t i ons  are  inc luded here. 



(1 )  Compressive Strength. The 6- by 12- in  (150- by 305-mm) cy l i nde rs  

were capped w i t h  a h igh  s t rength  sulfur-based compound and tes ted  us ing 

procedures described i n  ASTM Designation: C 39 (Standard Test Method f o r  

Compressive Strength o f  C y l i n d r i c a l  Concrete Specimens). 

(2 )  Bond o f  Concrete t o  Re in forc ing  Steel .  The equipment and techniques 

used fo l lowed those described i n  ASTM Designation: C 234 (Standard Test Method 

f o r  Comparing Concretes on the  Basis o f  t he  Bond Developed w i t h  Re in forc ing  

Stee l ) .  The 6- inch (150 mm) cube w i t h  p ro t rud ing  No. 6 (3/4-inch, 19-mm) 

r e i n f o r c i n g  bar was mounted i n  a 60,000-lb (27.21 Mg) un i ve rsa l  t e s t i n g  

machine i n  ser ies  w i t h  a 50-ksi (345 MPa) load c e l l  as shown i n  f i g u r e  2. 

Movement o f  the  loaded end o f  t h e  r e i n f o r c i n g  bar r e l a t i v e  t o  the  concrete 

cube was measured us ing d i r e c t  cu r ren t  d i f f e r e n t i a l  t ransformers (DCDT) 

mounted on opposi te faces o f  t he  cube ( f i g u r e  3).  Load was app l ied  a t  a r a t e  

o f  5000 Ib/min (22 kN/min). Signals from t h e  load c e l l  and t h e  average s igna l  

from the  DCDT's were ampl i f ied ,  scaled, and d isp layed on an X-Y p l o t t e r .  The 

d e f l e c t i o n  data were then corrected f o r  e longat ion  o f  t h a t  p o r t i o n  o f  the  bar 

between the  bear ing sur face o f  t he  concrete and the  p o i n t  o f  attachment o f  t he  

s t r a i n  yoke, y i e l d i n g  t r u e  loaded-end s l i p  values. Load data were transformed 

i n t o  s t ress  by tak ing  the  surface area o f  t h e  embedded bar as 14.14 i n .  2 

-3 2 (9 .12~10 m ) .  C r i t i c a l  bond s t ress  was taken e i t h e r  as the  s t ress  l e v e l  

a t  which s l i p  reached a value o f  0.01 i n c h  (0.25 mm), o r  t he  maximum s t ress  

l e v e l  i f  p u l l o u t  occurred p r i o r  t o  a s l i p  o f  0.01 i n c h  (0.25 mm). 

(3 )  Resistance t o  Freezing and Thawing. The equipment and techniques 

fo l lowed those described i n  ASTM Designation: C 666 (Standard Test Method f o r  

Resistance o f  Concrete t o  Rapid Freezing and Thawing). Procedure A, Rapid 

Freezing and Thawing i n  Water, was used. Test ing o f  t he  3- by 3- by 

11.25-inch (76- by 76- by 286-mn) prisms was i n i t i a t e d  a f t e r  14 days o f  

cur ing.  I n  those cases where the  number o f  specimens due f o r  t e s t i n g  exceeded 

capaci ty  o f  the  t e s t  f reezer ,  the  specimens were placed i n  4-11111 (0.1-mm) 

t h i c k  po-lyethylene bags and placed i n  an a i r - f r e e z e r  a t  0 O F  (-18 OC) u n t i l  

s u f f  i c i e n t  capaci t y  was ava l  l a b l e  f o r  t es t i ng .  The specimens were then thawed 

i n  water overn ight  a t  40 O F  ( 4  "C) and placed under t e s t  t he  f o l l o w i n g  day. 



Figure  2.  Bond p u l l o u t  specimen assembly belng 
prepared f o r  t e s t .  



Figure 3 .  Slip measurement device mounted on test specimen. 



( 4 )  Rapid Ch lor ide  Permeabi l i ty .  The equipment and techniques fo l lowed 

those described i n  AASHTO Designation: T 277 ( I n t e r l m  Method o f  Test f o r  Rapid 

Determinat ion o f  t h e  Chlor ide Permeabi l i ty  o f  Concrete). The d iscs  were 

placed i n  a i r  a f t e r  14 days o f  mo is t  cu r i ng  and t h e i r  per iphery coated w i t h  

epoxy a f t e r  7 days o f  dry ing.  A f t e r  an a d d i t i o n a l  7 days o f  dry ing,  t e s t i n g  

was i n i t i a t e d  us ing equipment shown i n  f i g u r e  4. The specimens were vacuum 

saturated w i t h  tapwater, then sealed between two halves o f  an a c r y l i c  c e l l  

w i t h  s i l i c o n e  rubber. S i x t y  v o l t s  dc was app l ied  across the  faces o f  t he  

c e l l ,  the  p o s i t i v e  po le  being immersed i n  0.3N NaOH, the  negat ive po le  

immersed i n  3.0 percent  NaC1 so lu t i on .  Current was monitored over a 6-h 

per iod.  A t  t h e  end o f  t h i s  t ime the  cu r ren t  ( i n  amperes) was i n teg ra ted  over 

t ime t o  ob ta in  the  amount o f  charge passed ( i n  coulombs). Previous 

s tud ies  (28) have shown a good c o r r e l a t i o n  between charge passed i n  t h i s  t e s t  

and long-term penet ra t ion  o f  c h l o r i d e  ions i n t o  concrete. 

3. Discussion o f  Test Results 

a. Appearance o f  Specimens 

A photograph o f  6- by 12-inch (150- by 305-mm) cy l i nde rs  cas t  a t  f ou r  

l e v e l s  o f  conso l i da t i on  from Mix No. 2 i s  g iven i n  f i g u r e  5. The l ack  o f  

conso l i da t i on  i s  obvious i n  t he  two r ightmost  cy l i nde rs .  While n o t  apparent 

i n  t h e  photograph taken o f  t he  ou ts ide  surface, t he  overconsol idated c y l i n d e r  

showed i n c i p i e n t  segregat ion o f  ma te r i a l  a t  i t s  t op  when i t  was c u t  

l o n g i t u d i n a l l y  ( f i g u r e  6). Other types o f  specimens, 1.e. prisms, cubes, and 

d iscs,  were o f  s i m i l a r  appearance, t he  underconsol idated specimens being o f  an 

obviously  porous and honeycombed character .  

b. Compressive Strength 

Compressive s t rength  r e s u l t s  ( a f t e r  28 days o f  mo is t  cur ing)  f o r  a l l  s i x  

mixtures a re  g iven i n  t a b l e  4. Compressive s t rength  i s  a s t rong f u n c t i o n  o f  

percent conso l ida t ion .  Even when c o n ~ o l i d a t i o ~ n  decreases by on ly  a l i t t l e  

over 10 percent,  i n  most cases s t rength  decreases o f  3,000 t o  4,000 p s i  (20 t o  

28 MPa) a re  experienced. 



Figure 4. Rapld chlorlde permeablllty test apparatus. 



Flgure  5 .  Appearance o f  c y l j n d r l c a l  t e s t  specimens 
p r i o r  t o  t e s t l n g .  



Figure  6.  Longi tudinal  sect ion taken through 
overconsoltdated t e s t  c y l i n d e r .  



Table 4. Compressive st rength.  

Nomi na l  A i  r Compress1 ve 
Mix Cement Content content2 Percent s t rength4 
No. Aggregate - ( 1 b/yd3)1 (%I Consol i d a t i  on3 ( p s i ) 5  

1 Limestone 520 6.6 101 .O 
100 

93.3 
87.6 

4 Gravel 

5 

1 . kg/m3 = 1 b/yd3 x 0.5933. 
2. Average a i r  content  f o r  a l l  batches cas t  from mix. 
3. Average percent conso l i da t i on  f o r  se t  o f  3 cy l inders .  
4. Average compressive s t rength  f o r  se t  o f  3 cy l j nde rs .  
5. MPa = p s i  x 6.895 x 10-3. 



This r e l a t i o n s h i p  i s  g r a p h i c a l l y  i l l u s t r a t e d  i n  f i g u r e  7 f o r  the  l imestone 

mixtures, Here, the  reduct ion  i n  s t rength  (expressed as a  percentage o f  t he  

s t rength  o f  specimens g iven normal conso l i da t i on  e f f o r t )  i s  p l o t t e d  versus 

percent conso l ida t ion .  

- - I. This trend  i s  very 

s i m i l a r  f o r  t he  th ree  separate mixtures tested, demonstrating tha t ,  a t  l e a s t  

Stewart were averaged and inc luded i n  f i g u r e  7, ' It can be seen t h a t  

t he  data developed i n  t h i s  study c l o s e l y  over lap those o f  t h e  previous 

i nves t i ga to rs .  S i m i l a r  r e l a t i o n s h i p s  a re  presented i n  f i g u r e  8 f o r  g rave l  

mixtures.  Again, a l l  th ree  mixtures show comparable behavior and agree 

c l o s e l y  w i t h  previous data. F i n a l l y ,  comparison o f  f i g u r e  7 w i t h  f i g u r e  8 

4 

c, C r i t l c a l  Bond Stress 

C r i t i c a l  bond s t ress  r e s u l t s  f o r  t he  mixtures tes ted  a re  g iven i n  t a b l e  

F a i l u r e  mode i n  the  t e s t  specimens changes from one o f  

l o n g i t u d i n a l  s p l i t t i n g  brought about by s t ress  t r a n s f e r  from the  bar t o  

concrete, t o  one I n  which t h e  bar i s  simply p u l l e d  ou t  o f  t h e  b lock  w i t h  

l i t t l e  bu i ldup o f  f r i c t i o n a l  r e s t r a i n t ,  due t o  the  poor bonding between bar 

and concrete. Bond s t ress  i s  reduced about 10 t o  1 5  percent f o r  each percent 

decrease i n  conso l ida t ion .  T h i s ' i s  c lose  t o  t h e  value o f  10 percent  f o r  each 

percentage o f  increased vo id  space c i t e d  by Hognestad and Siess, ( 1 2 )  in 

t h e i r  study o f  t he  e f f e c t  o f  a i r  content  on bond o f  r e i n f o r c i n g  s t e e l .  

Reduction i n  bond st ress,  then, may be more than double the  percentage 

reduct ion  i n  compressive s t rength  f o r  a  g iven percentage reduct ion  i n  

conso l ida t ion .  - , 
- 

These r e l a t i o n s h i p s  are  i l l u s t r a t e d  i n  f i g u r e  9 f o r  l imestone mlxtures and 

f i g u r e  10 f o r  g rave l  mixtures.  While d i f f e rences  between mixtures w i t h  

respect t o  the  r e l a t i o n s h i p s  shown i n  f i g u r e s  9 and 10 a r e  apparent, they a re  

n o t  consis tent ,  and most l i k e l y  a re  a t t r i b u t a b l e  t o  v a r i a t i o n s  i n  t he  

experimental data. 
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Figure 8.  Relatlonship between percent consolidation and 
percent reduction i n  28-day compressive strength 

f o r  gravel mixtures. 



Table 5. C r i t i c a l  bond s t ress .  

Noml na 1 A i  r C r i t i c a l  Bond 
M i  x Cement Content content2/ Percent s t ress4 /  
No. Aggregate - ( 1 b/yd3) (%I Consol i da t i on3 /  ( p s i ) 5 /  

1 Limestone 520 5.8 102.7 
100 
92.3 
88.0 

2 

3 

4 Gravel 

1. kg/m3 = 1 b/yd3 x 0.5933. 
2. Average a l r  con ten t  f o r  a l l  batches cas t  f rom mix. 
3. Average percent  conso l i da t l on  f o r  se t  o f . 3  cubes. 
4. Average c r l t i c a l  bond s t ress  f o r  se t  o f  3 cubes. 
5.  MPa = p s i  x 6.895 x 10-3. 



LIMESTONE MIXTURES 
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Flgure  9.  Re la t lonsh lp  between percent  conso l lda t lon  and 
percent  reduct lon  i n  c r l t l c a l  bond s t ress  f o r  

1 lmestone mixtures . 
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Figure 10. Relationship between percent conso l ida t ion  and 
percent  reduct ion i n  c r i t i c a l  bond s t ress  f o r  

grave l  mixtures. 



- 

l-Rgreater than the  increase i n  compressive 

s t rength  experienced f o r  comparable t e s t  cy l i nde rs .  I t  i s  l i k e l y  t h a t  t h i s  

increase i n  bond s t ress  r e s u l t s  from expuls ion o f  entra ined and entrapped a i r  

f rom the  t e s t  specimens, which a l lows the  concrete t o  more completely 

conso l ida te  around the  bar and the re fo re  develop improved bond 

c h a r a c t e r i s t i c s .  This  may be analogous t o  the  b e n e f i c i a l  e f f e c t s  o f  

r e v i b r a t i o n  on bond repor ted by some authors. (11) 

d. Resistance t o  Freezing and Thawing 

Results a re  presented i n  t a b l e  6. For the  l imestone aggregate mixtures 

w n g .  A l l  values o f  t h e  r e l a t i v e  dynamic modulus o f  e l a s t i c i t y  (RDM) a t  

300 cyc les exceeded 90 percent,  and weight losses were a l l  l ess  than 3 percent.  

For t he  gravel  mixtures on ly  those concretes a t  the  lowest l e v e l  o f  

conso l i da t i on  (Mix No. 6, 86 percent conso l ida t ion)  showed appreciable 

d e t e r i o r a t i o n  based on reduct ion  o f  RDM. However, even t h i s  reduc t ion  i s  n o t  

ove r l y  severe consider ing the  harshness o f  t h e  t e s t ,  and weight losses were 

less  then 5 percent f o r  these specimens. 

e. Permeabi l i ty  t o  Chlor ide I o n  

Results o f  t e s t i n s  f o r  ~ e r m e a b i l i t y  t o  c h l o r i d e  i o n  us inq t h e  AASHTO Rapid 

semiquant i ta t i ve  nature, i t  was f e l t  t h a t  g raph ica l  p resenta t ion  could bes t  be 

accomplished i n  a  bar c h a r t  format, where mixtures could be compared a t  equal 

percent conso l ida t ion .  To accomplish t h i s ,  p l o t s  o f  t he  data were 

constructed, and the  values o f  charge passed were obtained a t  preselected 

l e v e l s  o f  102, 100, 96 and 92 percent conso l ida t ion .  

Such an i l l u s t r a t i o n  f o r  t he  l imestone mixtures i s  presented as f i g u r e  

11. For any g iven mixture,  the  lowest pe rmeab i l i t y  i s  exh ib i t ed  by the  

" o v e r c ~ n s o l i d a t e d ~ ~  specimens. As w i t h  the  increases i n  bond s t reng th  f o r  

companlon specimens, t h i s  e f f e c t  may be a t t r i b u t a b l e  t o  expuls ion o f  en t ra ined 

and entrapped a i r  du r ing  the  extended v i b r a t i o n  g iven these specimens. 



Table 6. Freeze-thaw r e s u l t s .  

Nomi na 1 A i  r Weight 
Mix Cement Content Content2/ Percent change4/ R D M ~ /  
No. Aggregate - (1b/yd311/ ( X l  - Consol i da t l on3 /  (%) 1%) 

1 Limestone 520 6.2 102.3 -0.5 97 
100.0 -0.7 103 
94.0 -0.8 97 
87.3 -1 .O 96 

3 

4 Gravel 

1 . kg/m3 = 1 b/yd3 x 0.5933. 
2. Average a i r  content  f o r  a l l  batches cas t  from mix. 
3. Average percent conso l i da t i on  f o r  se t  o f  6 prisms. 
4. Average weight change f o r  se t  o f  6 prisms. 
5. Average r e l a t i v e  dynamic modulus (RDM) f o r  se t  o f  6 prisms. 



Table 7. Rapid c h l o r i d e  permeab i l i t y .  

Nomi na 1 A i  r Charged 
Mix Cement Content content21 Percent passed4/ 
No. Aggregate - ( 1 b/yd3) (%) cons01 i da t i on3 /  (Coulombs) 

1 Limestone 520 6.0 101 .O 2902 
100.0 3288 
95.9 4585 
90.6 8823 

3 61 0 

4 Gravel 520 

5 61 0 

1 . kg/m3 = 1 b/yd3 x 0.5933. 
2. Average a i r  content  f o r  a l l  batches cas t  from mix. 
3. Average percent conso l ida t ion  f o r  se t  o f  4 d iscs.  
4. Average charge passed f o r  se t  o f  4 d iscs.  





Spr ink le  has noted t h a t  permeab i l i t y  t o  c h l o r i d e  ion,  as measured by t h i s  

rap id  t e s t ,  does decrease w i t h  decreasing t o t a l  a i r  content.  (29)  This 

e f f e c t  i s  a l s o  seen w i t h  respect t o  mix No. 3  which c o n s i s t e n t l y  shows h igher  

permeab i l i t y  than corresponding mix No. 2, which was prepared a t  lower a i r  

-atthin t h e  ranqes i n c l j  Mix No. 1, 

prepared a t  h igher  w/c r a t i o  (average 0.47) e x h i b i t s  somewhat lower 

permeab i l i t y  a t  a l l  l e v e l s  o f  conso l i da t i on  than mix No. 3, prepared a t  lower 

W/C r a t i o  (0.42) because o f  t h i s  a i r  vo id  e f f e c t .  Mix No. 2, prepared a t  low 

W/C r a t i o  (0.42) and a i r  content  (5.3 percent)  e x h i b i t s  the  lowest 

permeab i l i t y ,  al though even f o r  these specimens pe rmeab i l i t y  approaches '@highN 

values a t  92 percent conso l ida t ion .  

For gravel  mixtures ( f i g u r e  12) some o f  these trends a re  less  apparent. 

While there  s t i l l  i s  a  general tendency towards increas ing  pe rmeab i l i t y  w i t h  

decreasing degree o f  conso l ida t ion ,  the  e f f e c t s  o f  a i r  content  and w/c r a t i o  

are less  pronounced. I n  add l t i on ,  o v e r a l l  pe rmeab i l i t y  l e v e l s  a re  considerably 

lower than those f o r  corresponding l imestone mixtures.  This may be a t t r i b u t e d  

t o  the  lower w/c r a t i o  used i n  t he  gravel  mixtures, where the  rounded aggregate 

requi red less  water f o r  a  g iven slump a t  equal cement content  than t h e  angular 

crushed l imestone, d i f f e r e n c e  between the  two mixtures being about 0.04 w/c 

r a t i o .  

4. S t a t i s t i c a l  Analysis o f  Test Data 

To f a c i l i t a t e  a  more q u a n t i t a t i v e  understanding o f  the  r e l a t i o n s h i p s  

between degree o f  conso l i da t i on  and the  concrete p rope r t i es  under study, the  

experimental data were subjected t o  s t a t i s t i c a l  ana lys is .  As the  m a j o r i t y  o f  

specimens tes ted  f o r  freeze-thaw res is tance showed i n s i g n i f i c a n t  

d e t e r i o r a t i o n ,  these data were no t  inc luded i n  t h i s  ana lys is .  

As  p rev ious ly  noted, i t  had no t  been poss ib le  t o  c o n t r o l  conso l i da t i on  

exac t l y  a t  f i x e d  predetermined leve ls ;  there fore ,  an a n a l y t i c a l  technique 

which would a l l o w  f o r  these v a r i a t i o n s  about t h e  nominal values was selected. 

The approach chosen was t o  f i t  the  data t o  a  l i n e a r i z e d  r e l a t i o n s h i p  us ing 

l e a s t  squares regression. Best f i t  was found f o r  a  semilogari thmic 

r e l a t i o n s h i p  o f  the  form 

loglo Y = A +A X 
0 1 





where, i n  t he  present study: 

Y = p roper ty  o f  i n t e r e s t  ( l .e., compressive st rength,  

c r i t i c a l  bond st ress,  o r  charge passed) 

X = percent conso l i da t i on  

A, = constant (Y- in te rcept )  

A1 = constant (s lope o f  1 l n e )  

A f t e r  f i t t i n g  data from each mix ture  t o  equat ion 2, normal ized 

r e l a t i o n s h i p s  were obtained by expressing the  p rope r t i es  i n  terms o f  t h e  value 

o f  the  proper ty  a t  100 percent consolidation. The values a t  100 percent,  

Y1 00' were obtained from the  pred ic ted  values f rom equation 2. The 

f r a c t i o n a l  values a t  o ther  degrees o f  conso l ida t ion ,  Yx, were then obtained 

by d i v i d i n g  the  experimental data by the  respect ive  YIOO values. These 

nondimensional Yx values were then again f i t t e d  t o  the  percent 

conso l ida t ion ,  X, as 

loglO Y x  = AotAIX 

where: Y x  = f r a c t i o n  value o f  p roper ty  o f  i n t e r e s t  a t  

degree o f  consolidation x 

X = percent conso l i da t i on  

A. = constant (Y- in te rcept )  

A1 = constant ( s lope  o f  l i n e )  - 

Because o f  the  normal iza t ion  employed, A. becomes minus 100 times A1. 

Equation 3 may then be expressed i n  a more convenient form as 

Values o f  t he  slope constant (A1), c o r r e l a t i o n  c o e f f i c i e n t  ( R )  and 

standard e r r o r s  o f  est imate ( i n  absolute and percentage u n i t s )  a r e  g iven i n  

t a b l e  8. I n  most cases, reasonably good f i t s  were obtained, as r e f l e c t e d  i n  

values o f  R. 

The slope constant (A1) can be used as a measure o f  t he  behavior o f  each 

proper ty  w i t h  respect  t o  t he  var iab les  inherent  i n  each mixture.  As cement 

content  increases (mixes 2 and 5 versus 1 and 4). Al gene ra l l y  increases f o r  

compressive s t rength  and bond st ress,  i n d i c a t i n g  a greater  s e n s i t i v i t y  t o  

degree o f  conso l i da t i on  f o r  mixtures o f  h igher  cement content.  For c h l o r i d e  

permeab i l i t y  t he  converse i s  t rue :  as cement content  increases, t h e  concrete 
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Table 8. Statistical parameters. 

Vartable nix NO. jl- 
Compressive Strength 1 ,0332 

2 .0390 
3 .0398 
4 ,0343 
5 ,0356 
6 .0351 

Crl tical Bond Stress 1 .0492 
2 .0703 
3 -0676 
4 .0781 
5 .0588 
6 .0772 

Chloride Permeability 1 -. 0404 
2 -. 0347 
3 - 00429 
4 - 4 0403 
5 -00314 
6 -.0158 

Std. Error 
nso 1u59 ne larive 

(Coulombs) 
0.907 901 25.5 
0.949 1062 40.4 
0.824 1962 53.9 
0.593 507 24.6 
0.917 61 3 32.7 
0.693 576 27.6 

1. HPa = psl x 6.895 x 10-3 



i s  l ess  s e n s i t i v e  t o  v a r i a t i o n s  i n  conso l ida t ion .  I n  t he  case o f  a i r  con ten t  

comparisong~(mixes 3  and 6  versus 2 and 5) t he re  a r e  no cons i s ten t  t rends  i n  
** +.." " 

Al. This  i nd fca tes  t h a t  mixtures o f  s i m i l a r  des ign w i l l  show equal 

s e n s i t i v i t y  t o  canso l i da t i on  i r r e s p e c t i v e  o f  t h e i r  r e l a t i v e  a i r  content .  

Whi le t reatment  o f  each separate m ix tu re  i s  use fu l  f o r  comparison o f  mix 

design var iab les ,  more general  p r e d i c t i v e  r e l a t i o n s h i p s  can be obta ined by 

ana l ys i s  o f  each t o t a l  s e t  o f  da te  r e l a t i n g  t o  compressive s t rength,  bond 

s t ress ,  and permeab i l i t y .  These data were f i t t e d  t o  t h e  nondimensional l o g  

r e l a t i o q s h i p ,  and r e s u l t a n t  curves ( i n c l u d i n g  95 percent  conftdence l l m i t s )  

a r e  shown- i n  f i g u r e s  13 through 15. 

F igure  13, showing t h e  r e l a t i o n s h i p  between percent  conso l i da t i on  and 

compressive s t rength,  can be used as an i l l u s t r a t i o n  o f  t h e  a p p l i c a t i o n  o f  

these r e s u l t s  t o  s p e c i f i c a t i o n s .  Data tabu la ted  i n  sec t i on  4 o f  t h i s  r e p o r t  

i n d i c a t e  t h a t  a  number o f  S ta te  highway agencies impose a  minimum l i m i t  o f  98 

percent  conso l i da t i on  on i np lace  b r i dge  deck over lay  concrete. According t o  

f i g u r e  13 t h i s  would imp ly  t h a t  a  mean reduc t i on  down t o  84 percent  o f  

s t reng th  would be- al lowed. However, a t  l e a s t  5  percent  o f  t e s t  r e s u l t s  cou ld  

a c t u a l l y  be grea ter  than 114 o r  l ess  than 65 percent  o f  t h e  100 percent  

s t reng th  l e v e l .  I n  add i t i on ,  var iance associated w i t h  t he  method o f  

determin ing percentage conso l i da t i on  ( u s u a l l y  done us ing  c o m e r c i a 1  nuc lear  

dens i t y  gauges) would need t o  be inc luded i n  a  s t a t i s t i c a l l y  based end r e s u l t  

s p e c i f i c a t i o n  f o r  concrete conso l ida t ion .  

5. Conclusions Based on Resul ts  o f  Laboratory I n v e s t i g a t i o n s  

Based on r e s u l t s  o f  t h i s  l abo ra to ry  i n v e s t i g a t i o n ,  t he  f o l l o w i n g  

conclusions may be drawn: 

Degree o f  conso l i da t i on  has a  s t rong e f f e c t  on compressive s t rength .  
There i s  a  l oss  o f  approximately 30 percent  i n  s t reng th  f o r  every 5 
percent  decrease i n  conso l ida t ion .  Mix tu res  having h igher  cement 
contents show a somewhat g rea te r  s e n s i t i v i t y  t o  s t reng th  l oss  f o r  a  
g iven  percentage decrease i n  conso l ida t ion .  Type o f  aggregate used 
and a i r  content  have l i t t l e  e f f e c t  on t h i s  r e l a t i o n s h i p .  

Degree o f  conso l i da t i on  has an even more pronounced e f f e c t  on 
c r i t i c a l  bond s t ress .  Bond s t ress  i s  reduced by more than 50 percent  
f o r  a  5  percent  decrease i n  conso l ida t ion .  E f f e c t s  o f  mix va r i ab les  
a r e  l ess  cons i s ten t  i n  t h e  case o f  bond st ress,  i n d i c a t i n g  t h e  
predominant 
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Fig, 13. General relationship between percent consolidation 
and relative compressive strength - all mixtures. 
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Flg.  14. General re la t ionship  between percent consolidation 
and r e l a t l v e  c r l t l c a l  bond stress - a l l  mixtures. 



RELATIVE 
CHLORIDE 

PERMEABILITY, 
PERCENT 

PERCENT CONSOLIDATION 

Fig. 15. General relationship between percent consolidation 
and relative chloride permeability - all mixtures. 



e f f e c t  t o  be a  loss  i n  bond due t o  increas ing  vo id  space i n  t he  
v i c t n i t y  o f  t he  r e i n f o r c i n g  s t e e l .  

The e f f e c t s  o f  degree o f  conso l i da t i on  on the  freeze-thaw res is tance 
o f  p roper ly  a i r -en t ra ined  concrete a r e  much less  than the  
corresponding e f f e c t s  on st rength.  Most concretes tes ted  i n  t h i s  
ser ies  performed s a t t s f a c t o r i l y  i n  accelerated f reez ing  and thawing 
tes ts ,  i r r e s p e c t i v e  o f  t h e i r  degree o f  conso l ida t ion .  Limestone 
mixtures showed somewhat g reater  res is tance t o  f reez ing  and thawing 
then d i d  grave l  mixtures having s i m i l a r  mix designs. . 
Permeabi l i ty  t o  c h l o r i d e  tons (as measured by the  r a p i d  AASHTO 
technique) increases w i t h  a  decrease i n  percent conso l ida t ion .  The 
e f f e c t  i s  g rea ter  i n  l imestone mixtures and i n  mixtures w i t h  h igh  
l e v e l s  o f  en t ra ined a i r .  The e f f e c t  becomes more pronounced below 96 
percent conso l ida t ion .  

I n  t he  m a j o r i t y  o f  cases, overconso l ida t ion  t o  t h e  p o i n t  o f  i n c i p i e n t  
segregat ion r e s u l t s  i n  improvements i n  a l l  p rope r t i es  tested.  
Compressive s t reng th  increases s l i g h t l y ,  bond s t ress  increases by as 
much as 20 percent,  weight loss  du r ing  f reez ing  and thawing i s  
s l i g h t l y  reduced, and pe rmeab i l i t y  t o  c h l o r i d e  i o n  decreases. These 
e f f e c t s  a r e  most l i k e l y  due t o  expuls ion o f  entrapped and some 
entra ined a i r  f rom the  t e s t  specimens dur ing  extended ex te rna l  
v i b r a t i o n .  



ASSESSMENT OF THE USE OF NUCLEAR DENSITY GAUGES FOR MONITORING CDNSOLIDATION 

OF CONCRETE 

1. I n t r o d u c t i o n  t o  Nuclear Gauge Technology 

The measurement o f  i np lace  dens i t y  o f  a  v a r i e t y  o f  cons t ruc t i on  ma te r i a l s  

has been g r e a t l y  f a c i l i $ a t e d  through t h e  a p p l i c a t i o n  o f  nuc lear  ga-uge 

technology. The re lease o f  gamma rays, o r  photons du r i ng  decay o f  c e r t a i n  

r a d i o a h i v e  n u c l e i  forms t h e  bas is  f o r  t h e  technique (gamma rays a r e  

chargeless e lect romagnet ic  r a d i a t i o n  which have zero mass and which t r a v e l  a t  

t h e  speed o f  l i g h t ) .  Gamma r a d i a t i o n  o f  t h e  type  used i n  comnercial nuc lear  

gauges i n t e r a c t s  w i t h  mat te r  p r i m a r i l y  by p h o t o e l e c t r i c  absorp t ion  and Compton 

sca t te r i ng .  These processes a re  u t i l i z e d  i n  d i r e c t  t ransmiss ion and 

backscat te r  nuc lear  dens i t y  gauges. 

I n i t i a l  a p p l i c a t i o n s  o f  nuc lear  gauges focused on measurement o f  dens i t y  

o f  s o i l s  du r i ng  cons t ruc t i on  o f  highway subbases. Good comparisons w i t h  

standard sand-cone techniques were gene ra l l y  obtained. (30931) A cont inuous 

measuring device, termed t h e  'Road Logger," has a l s o  been success fu l l y  app l ied  

t o  measurement o f  s o i l  compaction. (32) 

Nuclear gauges have a l s o  been app l ied  t o  measurement o f  compaction o f  

a s p h a l t i c  concrete. They a r e  used bo th  on f u l l - d e p t h  pavements and, more 

recen t l y ,  on t h i n  aspha l t  over lays.  Use i s  i nc reas ing  i n  t h i s  area. 

The pr imary emphasis i n  t h i s  r e p o r t  i s  on t h e  use o f  nuc lear  gauges f o r  

mon l to r i ng  conso l i da t i on  o f  po r t l and  cement concrete. As w i t h  s o i l s  and 

asphal t ,  success i n  e a r l y  research s tud ies  l e d  t o  adopt ion o f  nuc lear  

technology by many S ta te  highway agencies f o r  r o u t i n e  measurement. Thorough 

background i n v e s t i g a t i o n s  were done by the  M i s s i s s i p p i  Highway Department. (33)  

D i r e c t  t ransmiss ion gauges were used a t  depths o f  2  inches (50 mm) and 6 

inches (150 rqn). These were compared w i t h  u n i t  weight  t e s t s  o f  t h e  p l a s t i c  

concrete (AASHTO-T121). Densi ty  measurements were made w i t h  t h e  nuclear  
3 3  device and t h e  readings were w i t h i n  22.5 l b / f t  (40 kg/m ) o f  r e s u l t s  o f  

convent ional  u n i t  weight  t es t s .  Federal Highway Admin i s t ra t i on  s tud ies  a l s o  

used d i r e c t  t ransmiss ion gauges t o  moni tor  f r e s h  concrete w i t h  good r e s u l t s  i n  

l abo ra to ry  i n v e s t i g a t i o n s .  (34) 

Work done by t h e  Colorado D i v i s i o n  o f  Highways conf irmed t h e  value o f  

nuc lear  dens i t y  devices f o r  i n d i c a t i n g  conso l i da t i on  o f  f r e s h  concrete 

immediately behind a  s l i p f o r m  paver. (35936)  I n  t h e i r  t es t s ,  nuc lear  



3 3 
readings averaged 0.37 1b / f t  (5.9 kg/m ) lower than the average o f  

standard densi ty  tes ts .  Results o f  these and other studies ind ica te  t ha t  

nuclear gauges have ce r t a i n  advantages and disadvantages f o r  use i n  

measurement o f  concrete consol idat ion. To appreciate the reasons f o r  these 

advantages and disadvantages, the operat ing charac te r i s t i cs  o f  the various 

gauge types must be understood and are discussed i n  subsequent sect ions. 

a. D i  r e c t  Transmi ssion Gauges 

One o f  the two designs used f o r  s t a t i c  densi ty  measurements o f  concrete i n  

highway construct ion i s  the d i r e c t  transmission gauge. The transmission gauge 

i s  characterized by the placement of  the source o f  r ad i a t l on  and the r ad ia t i on  

detector so t ha t  the po r t i on  o f  the concrete t o  be measured i s  between the 

source and detector. As the densi ty  of  the concrete increases ( t he  spacing 

between source and detector  must be held constant), the r ad ia t i on  i n t e n s i t y  

detected decreases. The re la t ionsh ip  f o r  i n t e n s i t y  (I) versus densi ty can be 

represented i d e a l l y  as: 

I = I. exp (-ppt) ( 5 )  

where: I i s  the i n t e n s i t y  f o r  densi ty  p; 

I, i s  the i n t e n s i t y  w i t h  no specimen; 

p i s  the absorpt ion c o e f f i c i e n t  f o r  the mater ia l  and rad ia t i on  

used; 

p i s  the densi ty  o f  the specimen; and 

t i s  the thickness o f  the specimen. 

The equation above holds only f o r  the circumstances i n  which r ad ia t i on  

t ha t  has not  in terac ted i n  any way w i t h  the specimen i s  detected. Such 

circumstances usua l ly  inc lude e i t he r  a  narrow beam o f  r ad i a t i on  contain ing 

only p a r a l l e l  rays o r  a  r ad i a t i on  detect ion system tha t  responds only t o  f u l l  

energy, toe. ,  unscattered, photons of  the rad ia t ion.  A f a i r l y  wel l -col l imated 

versus a  poor ly col l imated rad ia t i on  gauge system i s  diagramed i n  f i g u r e  16. 

I f  the poor ly col l imated system i s  used, the re la t ionsh ip  between i n t e n s i t y  

and density.must inc lude a  fac to r  re la ted  t o  the detec t ion o f  scattered 

rad ia t i on  t ha t  i s  'detected. Equation 5 would then take the fo l l ow ing  form: 
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Fig. 16. Well-collimated (top) and poorly collimated (bottom) 
direct transmission gauges. 



where B represents a  " b u i l d  up" f a c t o r  which must be determined e m p i r i c a l l y  

f o r  the  system involved.  

The r a d i a t i o n  de tec tors  can be designed t o  de tec t  on ly  f u l l  energy 

(unscat tered)  r a d i a t i o n  from the  source. An example would be t h e  NaI(T1) 

s c i n t i l l a t i o n  de tec tor  used i n  t h e  CMD. F igure 17 i s  a  gamma energy spectrum 

obtained by a  NaI(T1) de tec tor  showing the  s e n s i t i v i t y  obtained i n  t he  f u l l  

energy (photopeak) region. 

I f  on ly  f u l l  energy gamma photons are  detected, a  s t r a i g h t  l i n e  

r e l a t i o n s h i p  i s  obtained f o r  t he  p l o t  o f  t he  l oga r i t hm o f  i n t e n s i t y  ( I n  I) vs. 

densi t y  

(p) (see f i g u r e  18) .  Also inc luded i n  f i g u r e  18 i s  the  non l inear  r e l a t i o n s h i p  

obtained f o r  t he  poo r l y  co l l ima ted  gauge i n  which sca t te red  r a d i a t i o n  i s  

detected. Note t h a t  t he  slope o f  the  l i n e  i s  less  f o r  t he  case i n  which 

sca t te red  r a d i a t i o n  I s  detected, i n d i c a t i n g  t h a t  t he  s e n s i t i v i t y  f o r  measuring 

specimen dens i ty  i s  decreased. Gauges us ing no c o l l l m a t i o n  and/or a  de tec tor  

system w i t h  no energy d i s c r i m i n a t i o n  w i l l  have poorer s e n s i t i v i t y  f o r  changes 

i n  dens i ty  than gauges w i t h  good c o l l i m a t i o n  and/or energy d i sc r im ina t i on .  

Transmission gauges us ing s i n g l e  energy rad io i so top i c  sources (such as 

Cs-137) i n  t he  range 0.3 t o  3  MeV (0.48 t o  4.8 x  J) a l s o  prov ide  

dens i ty  measurements t h a t  a re  r e l a t i v e l y  unaf fected by chemical changes i n  t he  

specimen. This  i s  t r u e  because the  absorp t ion  c o e f f i c i e n t  (p) i n  equat ion 5 

changes very l i t t l e  f o r  v a s t l y  d i f f e r e n t  elements i n  t h i s  energy range. 

F igure 19 i s  a  g raph ica l  representa t ion  o f  t he  r e l a t i o n s h i p  between the  

absorpt ion c o e f f i c i e n t  and energy f o r  several mater ia ls .  Note t h a t  between 

0.3 and 3  MeV (0.48 and 4 . 8 ~ 1 0 - l 4  J) t he  absorp t ion  c o e f f i c i e n t  changes very 

l i t t l e  w i t h  energy and the re  i s  l i t t l e  d i f f e r e n c e  f o r  the  var ious ma te r ia l s .  

The i n t e n s i t y  o f  r a d i a t i o n  i s  measured as the  number o f  events detected i n  

a  f i x e d  length  o f  t ime (count t ime). Since r a d i o a c t i v e  decay i s  a  random 

process, the  measurements can be described i n  s t a t i s t i c a l  terms. The 

measurements can be represented t o  have a  mean, standard d e v i a t i o n  (a), and 

conf idence l e v e l .  O f  p a r t i c u l a r  value f o r  s t a t i c  measurement gauges i s  t he  

concept t h a t  gauge p r e c i s i o n  w i l l  be r e l a t e d  t o  the  number o f  events detected, 

which w i l l  be r e l a t e d  t o  the  count r a t e  o f  t he  de tec t i on  system m u l t i p l i e d  by 

the  count ing t ime. Table 9  serves t o  i n d i c a t e  the  importance o f  these fac to rs .  
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Fig. 18. Intensity of radiation detected for well-collimated and 
poorly collimated density gauges. 





Table 9. Re la t ionsh ip  o f  count ra tes  and count ing 
t ime t o  nuclear  gauge prec is ion .  

Counting To ta l  Percent 
Count Rate Time Count - + 1 Std. Dev. o f  To ta l  

(counts/minutes) (minutes) (counts) ( 68% 
conf idence) 

Precis ions quoted (as standard dev ia t ions)  by manufacturers (37) f o r  d i r e c t  
3 3 t ransmiss ion gauges range from 0.12 l b / f t  (1.9 kg/m ) t o  0.48 l b / f t  3 

(7.7 kg/m3) a t  a dens i t y  o f  120 l b / f t 3  (1922 kg/m3). The lower (more 

prec ise)  values are  associated w i t h  longer count t imes, o f  t h e  order  o f  4 

minutes o r  longer. 

To improve p r e c i s i o n  o f  a nuclear gauge measurement, h igh  count ra tes  

and/or long count ing t imes a r e  necessary. High count ra tes  a r e  obtained by 

us ing l a r g e  r a d i a t i o n  sources o r  very s e n s i t i v e  r a d i a t i o n  de tec tors .  

F igure 20 i s  a diagram o f  a t y p i c a l  design f o r  a d i r e c t  t ransmiss ion 

dens i t y  gauge. Var ia t ions  o f  t h i s  design, used by a l a r g e  f r a c t i o n  o f  the  

Sta te  highway agencies (SHA), a re  commercially a v a i l a b l e  from a t  l e a s t  two 

manufacturers. These instruments were o r i g i n a l l y  designed f o r  measuring the  

dens i ty  o f  s o i l s .  They conta in  a gamma ray source o f  about 10 m i l l i c u r i e s  
8 (3.7 x 10 Bq) o f  CS-137. 

The source i s  encapsulated i n  s ta in less  s t e e l  t o  prevent loss  o f  the  

rad ioac t i ve  ma te r ia l .  The source capsule i s  i n s t a l l e d  i n  the  end o f  a metal 

rod t h a t  can be moved t o  pos i t i ons  below t h e  sur face o f  t he  s o i l  o r  concrete. 

The pos i t i ons  are  indexed w i t h  a l ock ing  p o s i t i o n  a t  1- o r  2- inch (25- o r  50- 

mm) i n t e r v a l s  along the  rod. Maximum depth below the  sur face o f  t h e  specimen 

i s  normal ly 12 inches (305 mm). Gamna r a d i a t i o n  t r a v e l s  through t h e  specimen 

t o  a r a d i a t i o n  de tec tor  a t  the  opposite end o f  the  gauge body. The detec tor  



Fig .  20. Dlagram o f  a t yp ica l  d i r e c t  transmission nuclear gauge. 



i s  most o f t e n  a  Geiger-Mailer (GM) detec tor .  GM de tec tors  a r e  simple, rugged, 

s tab le  de tec tors  bu t  do n o t  o f f e r  energy d i sc r im ina t i on .  Since no energy 

d i s c r i m i n a t i o n  and no c o l l i m a t i o n  o f  source o r  de tec tor  ex i s t s ,  t h e  r a d i a t i o n  

detected cons is ts  o f  t he  pr imary ( f u l l  energy) and scat te red  r a d i a t i o n .  

Volume o f  the  specimen c o n t r i b u t i n g  t o  the  measurement roughly resembles a  

f o o t b a l l  w i t h  the  ends a t  t he  source and detec tor  pos i t i ons .  When no t  i n  use, 

the  source i s  r e t r a c t e d  i n t o  a  s h i e l d  i n s i d e  the  instrument.  

b. Backscatter Gauges 

A design foe  a t y p i c a l  backscat ter  gauge which i s  used f o r  measurement o f  

concrete dens i ty  i s  d iagramed i n  f i g u r e  21. Both d i r e c t  t ransmiss ion and 

backscat ter  c a p a b i l i t i e s  a r e  contained w i t h i n  a  s i n g l e  instrument,  bu t  t he  

mode o f  opera t ion  i s  d i f f e r e n t .  To operate as a  backscat ter  gauge, t h e  source 

i s  lowered from the  shie lded p o s i t i o n  t o  the  bottom o f  the  inst rument  Jus t  

above the  specimen surface. Only sca t te red  r a d i a t i o n  from the  specimen i s  

detected. The r a d i a t i o n  detected bears a  complex r e l a t i o n s h i p  t o  the  dens i t y  

o f  t he  specimen. F igure  22 shows a t y p i c a l  response curve f o r  a  backscat ter  

gauge. Actual response would be r e l a t e d  t o  a  number o f  f a c t o r s  i nc lud ing :  

source-specimen-detector geometry, energy o f  t he  rad ia t i on ,  elemental 

composit ion o f  the  specimen, homogeneity o f  t h e  specimen, and energy response 

o f  t he  de tec tor .  Geometric considerat ions a r e  c r l t i c a l ,  w i t h  very small 

changes i n  geometry producing l a r g e  changes i n  t he  gauge response. 

Composition and homogeneity o f  the  specimen a re  probably the  next  most 

important  considerat ions.  Complexity o f  t he  s i t u a t i o n  can p a r t l y  be i nd i ca ted  

by an equat ion proposed f o r  gamma backscat ter  gauges: 

Note t h a t  t he re  a re  two k inds o f  i n t e r a c t i o n  c o e f f i c i e n t s ,  absorp t ion  (pa) 

and Compton s c a t t e r i n g  ( Q .  Each i s  a c t u a l l y  a  var iab le ,  changing w i t h  

the  energy o f  the  r a d i a t i o n  involved.  Energy o f  t h e  r a d i a t i o n  decreases as i t  

i s  scat tered.  The* e f f e c t  o f  each element i n  t he  specimen i s  d i f f e r e n t ,  

espec ia l l y  as the  energy o f  the  r a d i a t i o n  decreases, as was shown p rev ious l y  

i n  f i g u r e  19. 
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Fig. 21. Dlagram o f  nuclear denslty gauge operating in backscatter mode. 
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Ffg. 22. Typfcal response curve for a backscatter gauge. 



Due t o  these many p o t e n t i a l l y  i n t e r f e r i n g  fac to rs ,  p r e c i s i o n  o f  backscat ter  

gauges i s  t y p i c a l l y  l ess  than t h a t  f o r  d i r e c t  t ransmiss ion gauges. Quoted 
3  3  3  3 p rec i s ions  range from 0.26 1 b / f t  (4.15 kg/m ) t o  1.04 l b / f t  (16.6 kg/m ) 

a t  a  dens i t y  o f  120 1 b / f t 3  (1922 kg/m3). Backscatter gauges f i n d  t h e i r  

g rea tes t  a p p l i c a t i o n  f o r  dens i t y  measurements on t h i n  over lays o f  2- inch (50 

mm) th ickness o r  less, on hardened mater ia ls ,  and on f i n i s h e d  surfaces; i n  

each o f  these cases d i r e c t  t ransmiss ion gauges would be e i t h e r  imprac t i ca l  o r  

cosmet ica l l y  unsa t i s fac to ry .  On t h i c k e r  sect ions, such as f u l l  depth 

pavements, d i r e c t  t ransmiss ion would be the  p re fe r red  mode o f  operat ion.  

c. Consol idat ion Mon i to r ing  Device (CMD) 

Measurements us ing commercially ava i l ab le ,  s t a t i c  nuclear gauges s u f f e r  

f rom a  number o f  drawbacks, i n c l u d i n g  i n a b i l i t y  t o  keep up w i t h  r a p i d l y  moving 

paving t r a i n s ,  and t h e  need t o  make a  l a r g e  number o f  measurements i n  order t o  

ob ta in  representa t ive  values. A more promising approach i s  use o f  a  

continuous gauge. Such a  device, termed a  conso l i da t i on  mon i to r ing  device 

(CMD), was developed under a  previous con t rac t  t o  FHWA. (38) 

While e a r l y  models, which were mod i f i ca t i ons  o f  o i l  w e l l  logg ing  gauges, 

met w i t h  l i t t l e  success, t h i s  more recent  inst rument  was designed s p e c i f i c a l l y  

f o r  measuring dens i ty  (compaction) o f  concrete i n  highway const ruc t ion .  A 

diagram o f  t h e  backscat ter  gauge p o r t i o n  o f  t he  inst rument  i s  shown i n  

f l g u r e  23. The gauge u t i l i z e s  a  500 m i l l i c u r i e  ( 1 . 8 ~ 1 0 ~ ~  Bq) Cs-137 source 

mounted i n  tandem w i t h  a  NAI(TJ1) s c i n t i l l a t i o n  de tec tor  and pos i t i oned  on a  

s l i p f o r m  paver by a t rave rs ing  mechanism. The source and detec tor  a re  

co l l ima ted  so t h a t  on l y  m u l t i p l e  sca t te red  photons can reach t h e  de tec tor .  

The u n i t  r o l l s  a long a  h o r i z o n t a l  guide beam-as the  paver t raverses the  

pavement. The amount o f  gamma r a d i a t i o n  sca t te red  by the  concrete back i n t o  

t h e  de tec tor  i s  p ropo r t i ona l  t o  t he  concrete dens i ty .  

As v a r i a t i o n s  i n  t he  a i r  gap between the  u n i t  and the  concrete sur face 

were found t o  have a s i g n i f i c a n t  e f f e c t  on readings obtained, an improved 

vers ion  a l lows f o r  automatic compensation o f  t he  a i r  gap v i a  e l e c t r o n i c  

capacitance sensing. (39 )  F i e l d  t e s t i n g  o f  t he  mod i f led  vers ion  o f  the  

inst rument  i nd i ca ted  t h a t  a i r  gap compensation worked w e l l  over a  0.6- t o  

1.4-inch (15 t o  35 mm) range. (40) 
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Fig .  23. Diagram of  conso l lda t ion  monitor ing device ( C M D ) .  



Since t h e  CMD i s  cons tant ly  moving over a new volume o f  t he  specimen, a 

d i f f e r e n t  readout than f o r  t he  s t a t i c  devices i s  necessary. The continuous 

gauge u t i l i z e s  a ratemeter ra the r  than a sca ler  and the  i n fo rma t ion  i s  most 

o f t e n  presented as a s t r i p  c h a r t  recording. As such, a s l i g h t l y  d i f f e r e n t  

handl ing o f  t he  p r e c i s i o n  o f  t he  instrument measurements i s  necessary. This 

invo lves  t h e  s e t t i n g  o f  the  ratemeter t ime constant.  

The t ime constant i s  t he  t ime necessary f o r  t he  ratemeter t o  reach 63 

percent  ( W e )  o f  t h e  app l ied  s igna l .  The t ime constant i s  a c t u a l l y  a 

res i s to r - capac i to r  e l e c t r o n i c  c i r c u i t  which averages the  r a t e  o f  e l e c t r i c a l  

pulses received and transforms them i n t o  an e l e c t r i c a l  cur ren t .  Se lec t ion  o f  

t h e  t ime constant determines how f a s t  the  ratemeter w i l l  respond t o  an app l ied  

s igna l ;  1.e.. a  5-second t ime constant s e l e c t i o n  w i l l  r e s u l t  i n  a "steady" 

reading by the  ratemeter i n  less  than 30 seconds. 

As the  t ime constant i s  shortened, t he  t ime i n  which the  ratemeter reaches 

the  new reading i s  shortened bu t  the  v a r i a t i o n  o f  t h a t  reading worsens. The 

mathematical r e l a t i o n s h i p s  are: 

V = V1' (1-exp(-t/RC)) + V '  ( 8 )  

a(count r a t e )  = fi 

where: 

t = the  t ime o f  measurement 

V = the  vol tage a t  t ime t 

Vt8 = the  increase i n  vol tage a t  t=O 

V '  = vo l tage a t  t=O 

R = t he  res is tance i n  the  RC network 

C = the  capacitance i n  t he  RC network 

u = the  standard dev ia t i on  ( f o r  count r a t e )  

r = the  count r a t e  

F igure  24 conta ins two graphs t h a t  compare t h e  s t r i p  cha r t  record ing o f  the  

same count r a t e  from a ratemeter-detector source system using d i f f e r e n t  t ime 

constant se t t i ngs .  Note t h a t  t he  longer t h e  t ime constant, t he  s tead ier  i s  

t he  readout, i n d i c a t i n g  b e t t e r  p rec is ion .  This i s  Jus t  l i k e  i n fo rma t ion  

obtained from s t a t i c  gauges us ing a scaler ,  where the  longer the  t ime o f  

measurement, t he  b e t t e r  i s  the  p rec i s ion  o f  t he  measurement. 





Prec is ion  t e s t i n g  on t h e  f i r s t  generat ion CMD (uncompensated f o r  a i r  gap) 

i nd i ca ted  standard d e v i a t i o n  o f  the  d i f f e r e n c e  between CMD readings and 

convent ional d e n s i t i e s  ( v i b r a t e d  u n i t  weight, weighed densi ty ,  core dens i t y )  
3  3  t o  average from 1  t o  1.5 l b / f t  (15 t o  25 kg/m ).  More recent  f i e l d  

s tudies (41) con f i rm  t h e  p r e c i s i o n  o f  the  CMD t o  be w i t h i n  t h i s  range. While 

v a r i a b i l i t y  i s  t he re fo re  somewhat g reater  w i t h  the  CMD than w i t h  s t a t i c  

gauges, t he  a b i l i t y  t o  r a p i d l y  t raverse  l a r g e  sect ions o f  pavement i s  seen as 

a major advantage f o r  t he  continuous approach. 

d. Twin Probe Technique 

Both backscat ter  and d i r e c t  t ransmiss ion techniques s u f f e r  from the  

l i m i t a t i o n  t h a t  data on v a r i a b i l i t y  o f  dens i t y  w i t h  depth I s  n o t  w e l l  def ined. 

I n  t he  case o f  backscat ter  gauges, approximately 80 t o  85 percent o f  the  

response r e f l e c t s  t h e  dens i t y  o f  t h e  t o p  2 tnches (150 mm) o f  concrete. While 

d i r e c t  t ransmiss ion gauges w i l l  i nc lude  a  c o n t r t b u t i o n  from a l l  concrete 

loca ted between the  source and detector ,  t he  dens i t y  represents on l y  an 

average value through the  thickness being measured. I n  an attempt t o  overcome 

these l i m i t a t i o n s  a  comnercial twin-probe source and detec tor  system was 

modi f ied  by Iddings and Melancon f o r  a p p l i c a t i o n  t o  concrete. (42 )  A diagram 

i s  shown i n  f i g u r e  25. The source i s  Cs-137 encapsulated i n  s ta in less  s tee l .  
8 No neutron source i s  inc luded and on ly  5 mCI  ( 1 . 8 ~ 1 0  Bq) o f  Cs-137 i s  

used. The detec tor  i s  a  NaI(T1) c r y s t a l  t h a t  i s  0.5-inches (12-mm) t h i c k  by 

1.5 inches (38 m) i n  diameter. The s i z e  o f  the  c r y s t a l  es tab l ishes  the  

volume o f  the  specimen measured, which i s  described by a  pyramid w i t h  a  base 

o f  0.5 by 1.5 inches (12 by 38 mm) and w i t h  i t s  apex a t  the  source. Distance 

between the  source and detec tor  i s  se t  a t  12 inches (305 mrn). The count ing 

system inc ludes a  pu lse  he igh t  analyzer which i s  se t  on the  f u l l  energy gamma 

photon de tec t i on  f o r  the  0.66 MeV ( 1 0 x 1 0 - ~ ~  3 )  r a d i a t i o n  gamma o f  Cs-137. 

Whi le t h i s  technique a f f o r d s  h igh  s e n s i t i v i t y  and good v e r t i c a l  

l o c a l i z a t i o n  o f  low-density areas, the  device c u r r e n t l y  requ i res  t h a t  the  

probes p e r f o r a t e  the  f i n i s h e d  s lab  and thus i s  n o t  amenable t o  continuous 

mpni tor ing.  

2. Current S ta te  Experiences w i t h  Nuclear Gauges 

A l a r g e  number o f  S ta te  agencies have u t i l i z e d  nuclear gauge technology i n  

c o n t r o l l i n g  conso l i da t i on  o f  concrete. Some use nuclear dens i t y  gauges on a  
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F i g .  25.  Twin-probe nuclear  dens i ty  gauge. 



rou t ine  basis, others have included t h e i r  use i n  ce r t a i n  l im I t ed  s i tua t ions  o r  

on experimental projects.  The informat ion discussed i n  t h l s  sect ion re la tes  

p r ima r i l y  t o  app l i ca t ion  o f  c o m e r c l a l l y  ava i lab le  nuclear densi ty  gauges. 

Devices such as the CMD and two-probe depth gauge are considered experimental 

and are discussed i n  other sections o f  t h i s  report .  

a. Previous Survey (1977) 

I n  1977 the Federal Highway Administ rat ion conducted a survey o f  State 

htghway agencies w i t h  regards t o  the use o f  nuclear densi ty  gauges on 

concrete. Results o f  t h i s  survey were reported t o  TRB. ( 4 3 )  A t  t h a t  time, 

29 States had used o r  were using nuclear gauges t o  varying extents on port land 

cement concrete. O f  these States, 11 used the gauges on a rou t ine  basis f o r  

conso l idat ion monitor ing, p r ima r i l y  on low slump, *denseu concrete (LSDC) 

br idge deck overlays. Use on f u l l  depth deck and pavement placements was I 

l im i ted .  Use o f  gauges on overlay app l ica t ions was about equal ly  divided, i n  
1 

I 

terms o f  number o f  States, between backscatter and transmission gauges. 
b 

I 
The FHWA summary included concise discussions o f  various parameters i 

i n f l uenc ing  gauge performance. These included depth e f fec ts ,  chemical 1 
composition, and s tee l  locat ion.  Such e f f ec t s  were included i n  t h i s  study as 1 
p a r t  o f  the analysis o f  gauge performance, and are discussed i n  d e t a i l  i n  

I 
j 

sect ion 4, along w i t h  informat ion on gauge accuracy and ca l i b ra t i on .  E f f o r t s  i 
1 

t o  inc lude use o f  gauges i n  spec i f ica t ions were a lso discussed i n  the 1977 

survey; these are  updated i n  t h i s  report .  F ina l l y ,  useful  in format ion on 
I 
I 

r ad i a t i on  safety was provlded i n  the FHWA report .  L i t t l e  has changed i n  t h l s  
I 
i 

regard since 1977, w i t h  standard r ad ia t i on  safety procedures belng fol lowed by 
I 
I 
B 

personnel using the gauges. 1 B 

b. 1985 Survey 

As pa r t  o f  the present research program, a second survey o f  nuclear gauge 

users was undertaken. States responding t o  the 1977 survey were contacted, 

and ind iv idua ls  responsible f o r  gauge a c t i v i t i e s  were queried v i a  l e t t e r  and 

telephone. Thir ty- two States were Included i n  the 1985 survey. O f  these, 7 

reported no use o f  nuclear gauges. Three others were bel ieved t o  be using, o r  

had used, nuclear gauges, but  d i d  not  supply any add i t i ona l  informat ion.  This 

l e f t  a t o t a l  of  22 States which supplied informat ion on gauge app l ica t ions.  



While use o f  nuclear  gauges on LSDC over lays i s  popular, use o f  such 

techniques apparent ly  i s  n o t  g r e a t l y  inc reas ing  a t  the  present t ime. Twelve , 

(as opposed t o  11. States i n  1977) a re  r o u t i n e l y  us ing the  gauges on LSDC 

overlays a t  present.  Many o f  those States repor ted as experimenting w i t h  o r  

p lanning use o f  t he  gauges i n  1977 apparent ly  d i d  no t  adopt use o f  nuclear  

conso l ida t ion  mon i to r ing  as a r o u t i n e  procedure. 

c. H igh l i gh ts  o f  S ta te  Experiences \ 

Pe r t i nen t  i n fo rma t ion  obtained from the  cu r ren t  survey i s  summarlzed i n  

t a b l e  10. A number o f  key items deserve comparison among the  var ious States 

u t i l i z i n g  nuclear dens i t y  gauges. 

(1 )  Gauge Mode. O f  t he  States surveyed, t en  use d i r e c t  t ransmiss ion and 

s i x  use backscat ter  mode. Three States use both modes, the  choice o f  mode 

p r i m a r i l y  dependent on the  concrete app l i ca t i on .  Where t h i c k e r  sect ions such 

as pavements a re  being tested, the  t ransmiss ion mode i s  p re fer red .  Two o f  the  

States surveyed used other  techniques o r  d i d  no t  spec i f y  t he  mode u t i l i z e d .  

( 2 )  Construct ion Appl icat ions.  The predominant a p p l i c a t i o n  o f  nuclear  

gauges i s  s t i l l  i n  mon i to r ing  conso l ida t iqn  o f  LSDC overlays. Seven States 

repor ted use on other  types o f  s t ruc tures ,  these being b r i dge  deck pours and 

pavements. O f  the  s i x  States having experience w i t h  t h e i r  use on pavements, 

th ree  have used the  gauges on ly  once on experimental p ro jec ts .  O f  the  

remaining th ree  States (Colorado, Kansas, and West V i r g i n i a ) ,  Colorado has n o t  

used the  gauges on pavements f o r  t he  past  two years, and Kansas uses them on ly  

occas iona l ly  on spec ia l  p ro jec ts .  Use i n  West V i r g i n i a  i s  apparent ly  more 

widespread bu t  f u r t h e r  in fo rmat ion  was no t  suppl ied. 

( 3 )  Prec is ion  and Accuracy. Cont ro l led  studies on p r e c i s i o n  and accuracy 

o f  s t a t i c  nuclear dens i t y  gauges as app l ied  t o  PCC a re  lack ing .  "Accuracytt i n  

these app l i ca t i ons  i s  d i f f i c u l t  t o  assess. The volume sensed by t h e  nuclear  

gauges i s  I 1 1  def ined, making i t  very d i f f i c u l t  t o  determine dens i t y  on 

exac t l y  t he  same concrete measured by the gauge. There i s  some dis turbance o f  

concrete w i t h  t ransmiss ion and two-probe devices. The on ly  absolute reference 

method, the  tak ing  o f  cores from the  concrete, measures the  dens i t y  o f  



Table 10. Summary o f  S ta te  highway agency experience w i t h  nuclear  dens i t y  gauges. 

TYPE EST MCKU) 
STATE ROO€ COmTRUCTIOW PRaEMR€ PECISIQI MD - 6. C[)RES INTERFEREllCES RUOOU)llESS GEllERAL ASSESMWT ~ m )  a 

A l M  m u s e d  

California Tmxler 2400 Thin-boded CALTrUllS +2.01b/ft3vs.cores Yes Steel reinfora8ent "Rugged an? Mot routinely used. Only occasi-1 
-11 Pacific averlays Practical use on overlays. 
IIC-1 Direct 
Tranai ssion 

Colorado Tmxler 2101 -1 P a w t s  CP42 Backsutter -1.5 lwft3 Y e s  steel i f  2" 6.p Perf- -11 Very pod perf-. m used in 
Cnpbell RC-!A Bridge decks vs. U.Y. AV. error i n  f ie ld  Wst yn on p a ~ ~ ~ n t s  
Di rect Transmi ssion Tramistion 40.4 lb/ft3 0*5s", Considering el lmirut ing' fm bridge or Backscatter vs. roddcd U.W. 

Y ' r p c f  
W s  . 

Georgia Tmxler 2101-Direct Paving WA "Gave reafoMble resultsn No Mot studied WA 
Transmi ssion Plastic Wrp 

&lac Gauge 

only OM# 

Iora Tmle r  2400 3401 LSOC overlays I#IT WA 
-11 ~ a c l f i c  CI;~ Icre, 358 
Direct T rmsmissioo 

Edsdded steel General 1 y Considered satisfacto in  

zg%E achieving desired resu7ts 

Idaho None lked 

I l l ino is  Tmxler-bckscatter 

Indiana Tmxler-lkckscatter 

Kansas Tmxler 2401, 3401, 
3411 Direct 
~ransmission 

Kmtucky C-75, C-100, c-m 
Trwtler 3411-8 
Backscatter 

Michigan Troxler 2401 
Trwtler 34116 
Direct Transmission 

Minnesota None used 

Mississippi Tmxler-Direct 
Transmi ssian 

Missouri Tmxler 34016 - 
Direct Transmission 

mtana Direct Transmission 

LSOC 

LSOC 

overlays 
Pavanem ts 

LSDC 

LSM: 

Pav i ng 

LSDC 

LSOC 
LllC 

Mot 
Specified 

Not 
~pec i f i r d  
4 tests per 
location 

"Feels t h y  are 
1.5 lb/ft3" 

accurate 

"Excellent": use opendox calib. 

Oorr. Factors. +3.4 lb/ft3 
whPth - 2.9 lb/ft3 w/o mesh 

" k r ~ t "  

Tolerance + 1.5 1 ~ f t 3  
vs. cal ibrztion blocks 

N/A 

Std Dw 1.1 lb/ft3 
Av. Error + 2.5 lb/ f t3 vs. 

rodd#TU.Y. 

Limited data. 
-1 t s  -rally 1 W l W  of 
mddad U.Y. 

"Erratic 
mmul ts" 
WA 

No 

WA 

On asphalt 
only 

No 

Yes-see 
WEEP study 

Wo 

No 

Steel i n  path Tolerates 
nornral abuse 

"Fast, practical, re1 iable" 
Indicates 2 a i r  content 

None: I f  steel 2.5" N/A 

Avoid steel th6d. Peri- 
odic cleaning 
advised 

Goad results when calib. on job 
using Indiana procedure 

Useful tool. Use i s  optional 

Tolerates 
abuse raw 
e t e c t h i c  
failures 

None i f  2" N/A 
from steel 

Steel: I n  Satisfactory. 
backscatter mode. Vibrat'lon 

my  disrupt 
wiring. 

Avoid steel WA 

"Fast and fair1 y accurate" 

Yorkable. Not used at present 

Only used on MEP Study. 
general use 

Not 

Satisfactory and Practical 

Wot very useful. 



Table 10. Summary o f  S ta te  highway agency experience w i t h  nucl ear  dens i t y  gauges (cont inued).  

TYPE TEST aEm 
STATE CMYMXE COmTRUCTIOW PROCEDURE PRECISIOll AWD AMUUCV VS. CORES IYTERFEREWCES RUGOEmESS GENERAL ASSESSMENT Am) USE 

- - - -- - -- - - - -- - 

Nebraska Tmler  2400 3400 LSDC llot "@pears to be accuratem WA 
~sllpbell PC-/( BRC specified 
Direct Transmission 

New Hapshire Not specified LIC For misture Reads 0 .n  lar. 
content only 

New Jersey lbne Used 

NewMexico NoInformation 
Supplied 

New York Tm le r  34118 LSOC 
Direct Transmi ssion 

lyevada No Infomation 
Supplied 

ms#,T  Hucleur 6 unit wt. a p e  to No 
m9.5 w l  thin "accept&le 1 lmi tsm 

North Carol i na Backscatter NC #IT 

Ohio Noneused 

No WA N/A Only used once for moisture content. 

Oklahana Troxler LSDC Not H/A 
Capbell Pacific Specified 

rn owon Troxler - 3401 1% llot WA 
0 Capbell Pacific Bridge Decks Specified 

HC-1 Backscatter 

Ysll-built 6 Satisfactory. 
rugged -* 

krry fron l a  Problems with Very practical. Quick, easy, 
structures. %' electronics accurate 
fron mother 
kt on track a: 
Avoid steel. 

Pennsylvania Tmler  3400 2W LSDC PEWH#IT Owrall+Spcfvs.rogQdU.W. Mo 
Capbell MC-i Often no€ d . 5  l b l f t  
Backscatter rodded u3. 

Tennessee Noneused 

Reinforcing Steel Rugged Satisfactory i f  used by trained 
operator. Very practical . 

Utah Lane#l 1s Road- Pavenent Not Aw. error 3.5 lb/ft3 Yes WA 
10-r specified over unit w t .  Lilnited data. 

Rebar: no effect *Adequatem - ermr to - electmic  ! Z t Z t E % Y 9  
canpaction by gage failures 

Virginia Tm le r  3411 LSOC Sae report CV 0 5% at single 
0:+1.8~ i n  tierition 

htmgr.phic WA 
(VHTRC) Backscatter 6 CRCP Exa. 

Di rect-Trmmi ssion Qcr. Factors 
0.3-1.5 lb/ft3 

Backscatter. 6.0 1b/ft3 
Direct transmission. 

W. Virginia Troxler 34118 P . w ~ n t  MWTO 7271 
&&s 
shau1;lort 

WA Used only we on experimental 
pmject 

WA Fails to determine voids which 
are potentially deleterious 



hardened concrete, whlch may be d l f f e r e n t  from the dens l ty  I n  the f resh  state,  

depending on such fac to rs  as extent  and type o f  curlng, shrlnkage, and 

molsture content a t  t lme o f  t e s t .  

For these reasons, gauge performance i s  be t t e r  evaluated by I t s  precls lon,  

taken here as the r e p r o d u c l b l l l t y  o f  r esu l t s  on any given t e s t  s l t e .  I t  

should be recognlzed t h a t  Inherent  v a r l a b l l l t y  i n  the concrete i t s e l f  w i l l  

make the  measurement o f  p rec l s l on  a lso  somewhat open t o  i n t e rp re ta t i on .  Other 

measurements o f  accuracy a re  the so-cal led acor rec t ion factors,@ t h a t  i s ,  the 

d l f fe rence  between resu l t s  as measured by the gauge and dens l t y  o f  concrete 

f rom the same mlx compacted using a standard technlque. I n  some cases, there  

may be as much (o r  more) varlance i n  the technlques used t o  conso l idate  the 

@standarda sample as there  i s  i n  measurement o f  densl ty  by the  nuclear 

methods. Thls 1s supported somewhat i n  the wide v a r l a t i o n  I n  co r rec t l on  
3 f ac to rs  reported l n  the cu r ren t  survey. Factors as low as 0.4 1 b / f t  (6.4 

3 3 3 kg/m ) and as hlgh as 5 l b / f t  (80 kg/m ) have been reported. The most 
3 3 o f t e n  c l t e d  MaccuraclesM ranged from 1 t o  2 l b / f t  (16 t o  32 kg/m ); 

however, s o l i d  data t o  support these f lgures were not  ava l lab le .  

( 4 )  Interferences. The prlmary In ter ference I n  nuclear dens l ty  gauge 

t e s t i n g  I s  the presence o f  r e l n f o r c l ng  s tee l  or  other rne ta l l l c  elements w l t h i n  

the f i e l d  o f  v l s lon  o f  the  gauge. Most SHA's surveyed apparent ly  recognize 

t h l s  l l m l t a t l o n  and noted such I n  t h e i r  responses. The mlnlmum dlstance 

between the gauge and embedded s tee l  was seen as about 2 t o  3 inches (50 t o  75 

mn) I n  [nos t Instances. 

(5) Rusqedness Assessment. Whlle most States surveyed f e l t  t h a t  nuclear 
gauges were s u f f l c l e n t l y  rugged f o r  f l e l d  use, there were a few problems 

noted, espec la l ly  w i t h  regards t o  e l e c t r l c a l  connections w l t h l n  the  gauges. 

Kentucky noted t ha t  some gauges f a i l e d  e l ec t r on l ca l l y  p r i o r  t o  f i e l d  service, 

l nd l ca t l ng  some p reex ls t lng  malfunction e i t he r  a t  manufacture o r  dur ing 

shipping. Vlbrat lons dur lng  t r a n s l t  can d ls rup t  wlr lng,  as noted by Mlssourl  

personnel. Electrical repa l rs  were a lso  requlred on gauges used by New York 

and Pennsyl vanla. 



( 6 )  General Assessment. I n  general, most SHA1s surveyed found t h e  nuclear  

dens i ty  gauges t o  be a use fu l  and p r a c t i c a l  t o o l  f o r  measurement o f  dens i t y  o f  

PCC. Performance was considered s a t i s f a c t o r y ,  a l though i n  many cases use was 

l i m i t e d  so conclusions were drawn from experiences on on l y  a few p ro jec ts .  

The r a p i d i t y  o f  t he  measurement was c i t e d  as a major advantage, as was the  

a b i l i t y  o f  t he  gauge t o  de tec t  o ther  changes i n  concrete mixtures, such as 

l a rge  v a r i a t i o n s  i n  a l r  content.  

I n  s p i t e  o f  these p o s i t i v e  evaluat ions,  as mentioned prev ious ly ,  use o f  

t he  gauges has n o t  increased appreciably  s ince the  1977 survey. No attempt 

has been made t o  sys temat ica l l y  document t he  reasons f o r  t h i s  l ack  o f  general 

acceptance; however, hindrances might inc lude:  t he  b e l i e f  t h a t  conso l i da t i on  

genera l l y  i s  s a t i s f a c t o r y  and does n o t  need t o  be monitored, increased costs 

f o r  inspect ion  and f o r  t r a i n i n g  and c e r t i f i c a t i o n  o f  operators, l i c e n s i n g  and 

sa fe ty  requirements associated w i t h  nuclear technology, e a r l y  u n s a t i s f a c t o r y  

experiences, and increas ing  use o f  w o r k a b i l i t y  a ids,  such as la texes  and 

Wsuperp las t ic izers , *  which make f u l l  conso l i da t i on  eas ie r  t o  achieve. While 

such concerns c e r t a i n l y  may be j u s t i f i e d ,  the  costs associated w i t h  even a few 

f a i l u r e s  due t o  l ack  o f  conso l i da t i on  a re  great ,  and an ongoing conso l i da t i on  

mon i to r ing  program using nuclear  dens i t y  gauges o f f e r s  a r e l a t i v e l y  low-cost 

a l t e r n a t i v e  f o r  avoidance o f  such problems. 

d. Current Test Procedures 

I n  con junc t ion  w i t h  the  survey o f  S ta te  nuclear  gauge experiences, 

i n fo rma t ion  on cu r ren t  t e s t  procedures was s o l i c i t e d .  Eleven States suppl ied 

copies o f  t h e i r  cu r ren t  t e s t  procedures. Whi le these procedures a r e  s i m i l a r  

i n  many respects, there  a r e  important  d i f f e rences  which m e r i t  some discussion.  

Also inc luded i n  t h i s  comparison i s  the  new (1985) ASTM Designation: C 1040 

(Standard Test Methods f o r  Density o f  Unhardened and Hardened Concrete I n  

Place by Nuclear Methods). A summary o f  p e r t i n e n t  i n fo rma t ion  r e l a t i n g  t o  

these t e s t  procedures i s  g iven i n  t a b l e  11. 

(1) Reference Ca l i b ra t i on .  "Reference ca l i b ra t i on l l  r e f e r s  t o  the  procedure 

used t o  o r i g i n a l l y  e s t a b l i s h  the  r e l a t i o n s h i p  between count r a t e  and dens l ty .  

The m a j o r i t y  o f  States use the  In fo rmat ion  suppl ied by the  manufacturer i n  t he  

gauge c e r t i f i c a t i o n  in fo rmat ion .  Two States ( C a l i f o r n i a  and Iowa) per form 



Table 11. Summary of State nuclear density t es t  procedures. 
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by W f r .  

One k i n  +1% of Av of  
Frevious 
four 

Blocks of Five l a i n  Supplied 
~ ran i t e  and readings by Mr. 
amCrete of. 
knam density 

-- -- Supplied 
by Mr. 

-- - - Suppl ied 
by Mr. 

*-- 20 l a i n  Supplied 
d i n g s  byMr .  

-- 20 l r i n  Supplied 
by Mr. 

- --- Suppl id 

One 4 r i n  +l% of last 
camt 

One 4 r i n  -- 

hi ly. 
rich 
and a!* - 
- 

Twice 
daily 

-- 

Daily 

*- 

3 ti- 
daily 

Daily 

-- 

ASTR C 1040 Transmission k t e r i r l s  -- Suppl id 5 UseEqn. (2) Uwn c a t ~  
Backscatter Uni forn by Mr. inmethod position 

m s i  ty *wm 

-- 27"x21mx Vib. 
overlay 
thickness 

16'x20"~1-5/8- k rvha l l  
o p n b o t t a  -r 

10 lb-8 in. 
drop. 
2 blars 

20"x2Omx7" - Ei ty  
concrete 

-- 18"xl8"x10" Vib. two 
l i f t s  

S t e l  24"~24"x4" 3%-F' 
4 4  times 

-- 27"x21nx4" EL? 
4-6 times 

-- 18"xl2"x4" V i  b. unti 1 
box density 
3 vibrated 
densi ty  of 
U.W. bucket 

24"~24"x4" Use MTCl 
18"xl8"x6" C138or 

other method 

Center 

12 ea a le  
00, &.Ymo 
Center 

Center 

Center 

4 min. 

1 rnin ea. 

1 rnin ea. 

1 min ea. 

1 min 

1 min ea. 

-- 

1 min. 

-- 

mininun 

1 per lane 

-- 

WotQ 

2x2 
- 

Daily 

-- 

--- 

Daily 

-- 

Daily 

emnce cal ibrrtian Refers to ul ibrat ion used to a-1 ish relationshi between density y d  count. :: u ion re n f e m  to determination of standard m n t  uw!ly on a daily basis. 
3. Z??krLlly=ted i f  n r u l t s  f a l l  artrid. of SUM toleranb limits. 
4. Field Calibration refers to procedures used to develop] correction factor for concrete jab mix. 



Table 11. Summary of State nuclear density test procedures (continued). 

Masu remen t 

Tolerances 
State Depth Time Period Frequency Edges Steel Specification Notes 

Cal i forn'ia 

Colorado 

Daily --- 
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Wt. 
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North --- 1 min. 

Penns y 1 i van i a ---- 10 readings 1. L i t t l e  use since 
1979 

ASTH C 1040 Transmission 1 min 
2 - 12 i n  

--- Not <9 i n  Steel not i n  --- 
m s .  volune 



t h e i r  own c a l i b r a t i o n s  us ing ma te r ia l s  o f  known composit ion. I f  these 

c a l i b r a t i o n  ma te r ia l s  a re  c lose  t o  concrete i n  t h e i r  composit ion, t h i s  

approach may have advantages i n  t h a t  f i e l d  c o r r e c t i o n  f o r  chemical e f f e c t s  may 

be reduced. 

( 2 )  S tandard iza t ion  Procedure. "Standardizat ion procedureu r e f e r s  t o  the  

method o f  determin ing the  standard count o f  the  gauge t h a t  i s ,  t he  number o f  

counts f o r  a f i x e d  i n t e r v a l  on a standard ma te r ia l  o f  un i fo rm composit ion. 

Normally, t he  reference standard used f o r  t h i s  procedure i s  suppl ied by the  

manufacturer. For contemporary gauges such ma te r ia l s  as laminated 

polyethylene/magnesiunl a r e  commonly used. 

A s i n g l e  reading o f  up t o  fou r  minutes du ra t i on  i s  used by most SHA1s for 

t he  standard count, a l though the  ASTM procedure spec i f i es  f i v e  readings and 

New York uses fou r  1-minute readings. 

As the  purpose o f  the  standard count i s  t o  main ta in  a check on gauge 

s t a b i l i t y ,  many SHA per form a reference check on a d a i l y  basis .  The ASTM 

method spec i f i es  t h a t  t he  d i f f e r e n c e  between two successive d a i l y  counts on 

the  reference standard should be less  than 1.96 5, where No i s  t he  

p rev ious l y  es tab l ished count. Colorado uses t h i s  l i m i t ;  however, o ther  States 

have s e t  simpler l i m i t s ,  u s u a l l y  i n  the  range o f  1 percent o f  the  previous 

value. Depending on the  absolute value o f  t he  count, t h i s  may be more o r  less  

s t r i n g e n t  than t h e  ASTM recommendations. 

(3 )  F i e l d  C a l i b r a t i o n  Vessel. I n  order t o  compensate f o r  vary ing  

composit ions o f  f i e l d  mater ia ls ,  many gauge users choose t o  per form a f i e l d  

c a l i b r a t i o n  us ing the  same concrete employed on the  ac tua l  job.  To accomplish 

t h i s ,  t he  concrete must be consol idated i n t o  a vessel from which an independent 

measure o f  dens i t y  can be made. Construct ion and procedures vary w ide ly  i n  

t h i s  regard. Ma te r i a l s  used t o  f a b r i c a t e  the  vessel have jncluden wood, s tee l ,  

and aluminum. A v a r i e t y  o f  s izes a re  i n  use as can be seen from t a b l e  11. I n  

an at tempt t o  compensate f o r  subs t ra te  a f f e c t s ,  Ind iana u t i l i z e s  an open-bottom 

box, so t h a t  the  dens i t y  c o n t r i b u t i o n  o f  t he  concrete deck can be inc luded i n  

t h e  c a l i b r a t i o n .  

A v a r i e t y  o f  procedures a re  used t o  conso l ida te  the  concrete. These 
5 

i nc lude  i n t e r n a l  v i b r a t i o n ,  use o f  a Marshal l  hammer, and spading and 

dropping. Both the  t o t a l  amount o f  conso l i da t i on  achleved by these methods 



and the  r e p r o d u c i b i l i t y  o f  t he  method each t ime a c a l i b r a t i o n  i s  run  w i l l  have 

an impact on r e s u l t s  obtained through subsequent readings us ing  the  nuclear  

gauge. 

( 4 )  F i e l d  C a l i b r a t i o n  Procedure. There i s  a l s o  q u i t e  a wide var iance i n  

procedures used f o r  determinat ion o f  nuclear  gauge readings on the  c a l i b r a t i o n  

vessel. Some States take on ly  a s l n g l e  reading, others ob ta in  an average o f  

f i v e  readings. While a few States r o t a t e  the  gauge through a f i x e d  angle 

a f t e r  each reading so as t o  average out  any inhomogeneities i n  t he  concrete, 

t h i s  i s  l i m i t e d  genera l l y  t o  t he  c e n t r a l  p o r t i o n  o f  the  vessel. Any 

f l u c t u a t i o n s  i n  composit ion a t  po in t s  removed from the  center  w i l l  n o t  be 

r e f l e c t e d  i n  the  gauge readings bu t  w i l l  be inc luded i n  the  weighed dens i ty .  

Frequency o f  c a l i b r a t i o n  as r e l a t e d  t o  the  progress o f  cons t ruc t i on  a l s o  

var ies  among States. While d a i l y  c a l i b r a t i o n  i s  genera l l y  recommended, Iowa 

l i m i t s  t h i s  t o  n o t  less  than every 3 months, and I l l i n o i s  c a l i b r a t e s  once on 

each lane being measured. 

( 5 )  Measurement Procedure. Important  var iab les  associated w i t h  the  ac tua l  

measurement o f  dens i t y  i nc lude  the  depth o f  measurement, t ime per iod,  and 

frequency o f  t e s t .  Depth o f  measurement p r i m a r i l y  app l ies  t o  readings 

obtained i n  t ransmiss ion mode. On b r i dge  deck overlays, such measurements are  

l i m i t e d  by depth o f  placement o f  overlay. A depth o f  2 inches (50 nun) i s  the  

deepest t ransmiss ion measurement taken f o r  t h l s  a p p l i c a t i o n  (Colorado, Iowa, 

and New York). On f u l l  depth pavement, t h e  approach I s  t o  i nc lude  as much o f  

the  pavement thickness as poss ib le  i n  t he  measurement. 

Most o f  the  SHA (as w e l l  as ASTM) u t i l i z e  a 1-mln t ime pe r iod  f o r  the  t e s t  

count. Kansas averages th ree  o f  these 1-mln counts. Pennsylvania averages 10 

counts. 

There i s  wide d i v e r s i t y  i n  recommended frequency o f  t e s t i n g .  F ive  o f  t he  

11 States do no t  spec i fy  any p a r t i c u l a r  frequency o f  measurement. Kansas 

spec i f i es  l o c a t i o n  bu t  n o t  frequency. The o ther  SHA range from d a i l y  readings 

t o  readings every 10 f t  ( 3  m). The more f requent  readings would be more 

p r a c t i c a l  on smal ler jobs, such as br idge deck over lay  placement, b u t  might  

become unmanageable on f u l l - w i d t h  paving operat ions. 



(6)  Tolerances. Tolerances a re  normal ly se t  on minimum distances between 

the  nuclear  gauge and cons t ruc t i on  edges o r  s t e e l  components. Those States 
spec i f y i ng  to lerances on d is tance from edges reconmend t h a t  t he  nuclear  gauge 

be pos i t i oned  n o t  l ess  than 12 inches (300 mm) from an edge (ASTM recommends 

n o t  less  than 9  inches (230 mn)). There i s  somewhat less  agreement w i t h  

respect t o  mlnlmum d is tance from s tee l .  Some States simply recommend avo id ing  

s tee l ;  f o r  others minlmum distances range from 1 1/2 inches (38 mm) from 

r e i n f o r c i n g  s t e e l  t o  2  f t  (0.6 m) i n  the  case o f  dowel baskets. 

e. Spec i f i ca t i ons  

The o b j e c t i v e  o f  nuclear  gauge t e s t i n g  i s  t o  a l l o w  rapid,  rea l - t ime 

c o n t r o l  o f  conso l i da t i on  so as t o  enable inspectors t o  make judgments as t o  

acceptance o r  r e j e c t i o n  o f  concrete inp lace.  Most SHA's us ing nuclear  gauges 

i n  acceptance have adopted a  lower l i m i t  o f  98 percent o f  some "standard" 

dens i t y  (normal ly  rodded u n i t  weight).  That i s ,  i f  the  reading obtained w i t h  

the  nuclear  gauge i s  less  than 98 percent o f  t h e  dens i t y  obtained by 

conso l i da t i on  o f  concrete us ing a  standard procedure, then remedial a c t i o n  

must be taken. This a c t i o n  may i nvo l ve  r e v i b r a t i ~ n  o r  removal o f  concrete. 

I t  should be noted t h a t  t he  standard procedure i t s e l f  may n o t  completely 

conso l ida te  the  concrete, and the re fo re  values greater  than 98 percent o f  

standard may no t  necessar i l y  represent f u l l  conso l ida t ion .  

3. App l i ca t i on  o f  Nuclear Density Gauges t o  Hiqhyay Construct ion 

While a  number o f  agencies have c a r r i e d  ou t  evaluat ions o f  bo th  s t a t i c  and 

continuous nuclear  dens i ty  devices, t h e i r  use t o  date has been l i m i t e d  e i t h e r  

t o  s p e c i f i c  types o f  cons t ruc t i on  (such as b r i dge  deck over lays)  o r  t o  

experimental p ro jec ts .  Consol idat ion o f  f r e s h l y  placed concrete as a  basis  

f o r  payment has n o t  genera l l y  been inc luded i n  end-resul t  spec i f i ca t i ons .  

This  may be due t o  an u n f a m i l i a r i t y  o f  many highway p r a c t i t i o n e r s  w i t h  use and 

a p p l i c a b i l i t y  o f  nuclear  gauges t o  f u l l - s c a l e  highway const ruc t ion .  Fur ther  

work needs t o  be done i n  terms o f  developing such in fo rmat ion  so t h a t  

conso l i da t i on  mon i to r ing  can be implemented i n t o  s t a t i s t i c a l l y - b a s e d  q u a l i t y  

assurance programs. I n  t h i s  sec t ion  gauge c h a r a c t e r i s t i c s  p e r t i n e n t  t o  

var ious phases o f  highway cons t ruc t i on  w i l l  be sumnarized, and t h e  advantages 

and disadvantages o f  each gauge type discussed. 



a. Prec is ion  o f  Nuclear Density Gauges 

As mentioned i n  d iscuss ion  o f  r e s u l t s  o f  t h e  1985 survey ( s e c t i o n  4) ,  

p r e c i s i o n  data w i t h  respect  t o  a p p l i c a t i o n  o f  nuclear  gauges t o  PCC a r e  

somewhat d i f f i c u l t  t o  de f ine .  I n  r o u t i n e  t e s t i n g ,  determinat ions o f  dens i t y  

a re  made a t  w ide ly  spaced distances, so t h a t  most l i k e l y  there  w i l l  be sQme 

d i f f e r e n c e  i n  ac tua l  dens i t y  o f  t he  concrete between t e s t  pos i t i ons .  Any 
p r e c i s i o n  s t a t i s t i c s  der ived from a  ser ies  o f  such measurements w i l l  r e f l e c t  

bo th  the  inherent  var iance o f  t he  gauge p lus  t h e  ac tua l  var iance o f  concrete 

densi ty .  Examination o f  repor ted resu l t s ,  however, does a l l o w  one t o  e s t a b l i s h  

a  rough upper bound f o r  gauge prec is ion ,  assuming t h a t  t he  process i s  f a i r l y  

w e l l  c o n t r o l l e d  and t h a t  t h e  concrete dens i t y  does n o t  undergo unduly l a r g e  

f l u c t u a t i o n s .  Examples o f  such data, taken from a  number o f  recent  p r o j e c t s  

i n  a  v a r i e t y  o f  States, a r e  shown i n  t a b l e  12. 

Standard dev ia t ions  o f  the  nuclear  gauge readings f o r  these f i e l d  p r o j e c t s  
3  3  range from 1.2 t o  2.8 l b / f t  (19 t o  45 kg/m ), w i t h  the  m a j o r i t y  less  than 

2.2 l b / f t 3  (35 kg/m3). Considering t h a t  these values i nc lude  v a r i a t i o n s  

i n  the  concrete as w e l l  as v a r i a t i o n s  i n  gauge response i t s e l f ,  these data 

i n d i c a t e  t h a t  p r e c i s i o n  may be s a t i s f a c t o r y  f o r  most intended purposes i n  

f i e l d  applications. Standard dev ia t i on  f o r  rodded dens i ty  i n  most instances 

i s  somewhat less  than f o r  nuclear  dens i ty .  

I n  a  somewhat more c o n t r o l l e d  f i e l d  study, research c a r r i e d  ou t  i n  

M iss i ss ipp i  under t h e  NEEP program al lowed an est imate t o  be made o f  the  

p r e c i s i o n  o f  d i r e c t  t ransmiss ion nuclear gauges. (44)  1n th3s study, 

readings were taken i n  groups o f  four ,  w i t h  each measurement spaced 

approximately 3  f t  (1 m) apar t .  Standard dev ia t ions  f o r  48 sets o f  such 
3  3  measurements ranged from 0.3 t o  1.7 I b / f t  ( 5  t o  27 kg/m ) w i t h  an average 

3  standard dev ia t i on  o f  1.1 1 b / f t  (18 kg/m3). 

Add i t i ona l  p r e c i s i o n  data der ived from research-or iented f i e l d  s tud ies  are  

repor ted by Scholer and Schumm. (45)  I n  t h i s  study d i r e c t  transmission 
dens i ty  readings were taken a t  var ious l oca t i ons  on a  s l l p f o r m  concrete paving 

p r o j e c t .  Results a re  summarized i n  t a b l e  13. 



Table 12. P rec i s i on  data f o r  var ious p r o j e c t s  us ing  
nuclear  dens i t y  gauges. 

Rodded Dens 1 t y  Nuclear Densi ty  

S ta te  P ro jec t  No. Readings Av . Std. Dev. Av. Std. Dev. 
(1  1 (1  1 (1)  (1 )  

( 1 b / f  t 3 )  ( 1 b / f  t 3 )  ( 1 b / f  t 3 )  ( 1 b / f  t 3 )  

No. Caro l ina  
II 

Colorado 
New ~ o r k 2 /  

w 

W. V i r g i n i a  
' 1 l l i n o i s ( 3 )  

8.1744402 1 89 
8.1625210 207 
176-1 (53) 24 57 
250363 84 
250363 67 
250548 33 
250548 46 
250551 71 
250551 40 
250551 147 
APO-483(31) 59 
R ivers ide  Br idge 52 

1. kg/m3 = lb/ft3x16.018. 
2. "Rodded8' values represent  maximum t h e o r e t l c a l  dens i ty .  
3. Rodded dens i t y  determined a t  s t a r t  o f  p r o j e c t  on ly .  



Table 13. Summary o f  t e s t s  on 1-64 s l i p f o r m  p r o j e c t .  (45) 

Loca t i on Average Standard Dev ia t ion  

3  (1 )  ( l b / f t  ) 3 (1 )  ( I b / f t  ) 

A11 Tests 
Above reinforcement 
Below reinforcement 

A t  Contract ion Jo in t s  
Above reinforcement 
Below reinforcement 

Not a t  Contract ion Jo in t s  
Above reinforcement 145.1 
Below reinforcement 145.5 

A l l  Tests 146.0 1.8 

Results agree favorab ly  w i t h  those o f  t he  p rev ious l y  c i t e d  s tud ies  w i t h  
3 3 

standard d e v i a t i o n  ranging from 1  t o  2  l b / f t  (16 t o  32 kg/m ).  

One method o f  e x t r a c t i n g  gauge v a r i a b i l i t y  from concrete v a r l a b i l l t y  i n  

f i e l d  s tudies i s  t o  examine variance o f  standard counts determined over the  

course o f  a  p r o j e c t .  One such se t  o f  data i s  a v a i l a b l e  from in fo rma t ion  

suppl ied by the  New York Sta te  Department o f  Transpor ta t ion  f o r  f i e l d  work i n  

1983 and 1984 and by the  Colorado D i v i s i o n  o f  Highways i n  1980 through 1985. 

The v a r i a t i o n  i n  standard count can be expressed as an equ iva len t  dens i t y  as 

shown i n  tab les  14 and 15. 

The gradual decrease i n  t he  standard count w i t h  t ime represents decay o f  

t he  Cs-137 source. This, o f  course, i s  t he  reason f o r  c a l c u l a t i n g  concrete 

dens i ty  from a  r a t i o  o f  t he  standard count and the  specimen count, I n  order t o  

cancel ou t  i s o t o p i c  decay and instrument component aging. This  slow aging, 

however, i s  i n s i g n i f i c a n t  and i s  n o t  r e f l e c t e d  i n  d a i l y  est imates o f  gauge 
3  3 p r e c i s i o n  us ing t h i s  approach, which average 0.2 l b / f t  ( 3  kg/m ) f o r  t he  

f i r s t  se t  o f  data and 0.6 l b / f t 3  (10 kg/m3) f o r  t h e  second. 

While r e s u l t s  o f  r o u t i n e  f i e l d  measurements a f f o r d  a  general app rec ia t i on  

f o r  t he  range o f  gauge p r e c i s i o n  t o  be expected, more r e l i a b l e  i n fo rma t ion  can 

be obtained from repeated measurements on the  same sample* The amount o f  such 



Table 14. Standard count v a r i a t i o n s  recorded by NYDOT and 
equ iva len t  ca l cu la ted  changes i n  concrete dens i t y  

(Gauge #10261, NYDOT) 

Standard Count 
Date S t a r t  End % Change Equivalent  Density Change 

3 (1 )  ( l b / f t  ) 

5/24/84 3421 341 2 0.26 0.20 
5/26/84 341 5 3434 0.55 0.38 
5/31 /84 3420 3423 0.09 0.06 
7/09/84 3384 3394 0.30 0.20 
7/11 /84 3382 3389 0.21 0.14 
7/13/84 3379 3389 0.30 - 0.20 

Average 0.20 

Table 15. Variation i n  standard count recorded by Colorado 
Department o f  Highways and equ iva len t  ca l cu la ted  change 

i n  concrete dens i t y  

Date - Standard Count V a r i a t i o n  Equivalent  Density Change 
3 (1)  ( l b / f t  ) 

43 - 0.6 
Average 0.6 



i n fo rma t ion  ava i l ab le ,  however, i s  l i m i t e d .  Work repor ted by O z y i l d i r i m  gave 

a  c o e f f i c i e n t  o f  v a r i a t i o n  o f  0.5 percent f o r  sets o f  15 readings w i thou t  

moving the  gauge. (46)  This represents a  standard d e v i a t i o n  o f  approximately 

0.75 1 b / f t 3  (12 kg/m3). Fur ther  p rec i s ion  data der ived from m u l t i p l e  

measurements a re  presented i n  t a b l e  16 f o r  data der ived dur ing  i n i t i a l  

development o f  the  conso l i da t i on  mon i to r ing  device. (38) Standard d e v i a t i  ons 
3  3  

f o r  these data are  q u i t e  low, averaging 0.4 l b / f t  ( 6  kg/m ) .  Add i t i ona l  

est imates o f  p r e c i s i o n  based on m u l t i p l e  readings were obtained by West 

V i r g i n i a  personnel dur ing  p r o j e c t s  i n  1982 on which nuc lea r -dens i t y  gauges 

were u t i l i z e d .  Here, readings were taken a t  4  o r i e n t a t i o n s  (0°, 90°, 180°, 

270') a t  the  same loca t ion ,  3  measurements being taken a t  each o r i e n t a t i o n .  

These data a re  shown i n  t a b l e  17. 

Again, v a r i a b i l i t y  i s  q u i t e  low. The average standard d e v i a t i o n  f o r  these 

data sets i s  0.4 l b / f t 3  ( 6  kg/m3). These m u l t i p l e  reading standard 

dev ia t ions  a re  w i t h i n  the  ranges quoted by manufacturers, and i n d i c a t e  t h a t  

p r e c i s i o n  o f  r e s u l t s  obtained on concrete should be j u s t  as good as p r e c i s i o n  

obtained on ma te r ia l s  on which nuclear  gauges are  i n  more common use. 

I n  summary, a v a i l a b l e  data i n d i c a t e  t h a t  p r e c i s i o n  o f  nuclear  dens i t y  

gauges, both inherent  and under f i e l d  cond i t ions ,  i s  q u i t e  good. Average 

standard dev ia t ions  f o r  a  number o f  f i e l d  p r o j e c t s  genera l l y  f a l l  i n  t h e  range 

o f  1  t o  2  l b / f t 3  (16 t o  32 kg/m3), t h i s  f i g u r e  represent ing the  t o t a l  t e s t  

variance, i n c l u d i n g  v a r i a b i l i t y  i n  the  concrete i t s e l f .  Experiments designed 

t o  e l im ina te  concrete v a r i a b i l i t y  demonstrate the  inherent  standard dev ia t ions  
3  3  t o  be less  than 1  l b / f t  (16 kg/m ) ,  w i t h i n  p r e c i s i o n  values commonly 

associated w i t h  t h l s  technology when app l ied  t o  o ther  ma te r i a l s .  

b. Accuracy o f  Nuclear Density Gauges 

As p rev ious l y  mentioned, development o f  data r e l a t i n g  t o  accuracy o f  

nuclear  dens i t y  i s  beset by a  number o f  d i f f i c u l t i e s .  Foremost i s  the  l ack  

o f ,  a t  l e a s t  w i t h  regards t o  f r e s h  concrete, a  reference method w i t h  which the  

t r u e  dens i t y  o f  the  concrete can be unambiguously determined. While I'weighed 

dens i t yH  o f  c a l i b r a t i o n  boxe-s can be seen as an approximation t o  t r u e  dens i ty ,  

the  volume o f  concrete sensed by the  gauge does n o t  i nc lude  t h e  e n t i r e  volume 

o f  t he  box, and v a r i a t i o n s  i n  dens i t y  across the  box w i l l  c o n t r i b u t e  more 

s t rong ly  t o  the  gauge reading than t o  the  average value obtained by weighing 



Table 16. Resul ts  o f  CMD p r e c l s l o n  study.(3*) 

Batch Mold No. Average Std. Dev. 

( I b / f t  ) ( l b / f t  3 ) (1) 

Average 0.4 

Table 17. Resul ts  o f  West V l r g l n j a  p r e c l s l o n  study - (1982). 

Date Mode 
av. ( l  !-= ( s t d  dev . ) ( l )  

5-08-82 Transmlsslon 139.6(0.5), 138.5(0.4), 135.8( 
7-14-82 Backscat ter  142.7(0.1), 142.0(0.5), 142.9( 
7-1 4-82 II 143.1(0.5), 143.5(0.7), 143.4( 

7-1 4-82 II 142.1(0.2), 142.4(0.3), 142.8( 

7-23-82 Transmlsslon 143.3(0.6), 143.8(0.8), 143.9( 
7-23-82 II 147.1(0.3), 146.4(0.7), 145.3( 

7-23-82 11 143.1(0.1), 143.1(0.3), 143.0( 



the  e n t i r e  c a l i b r a t i o n  vessel. This e f f e c t  has been demonstrated by Iddings 

and Melancon i h . t h e i r  s tudies o f  twin-probe t ransmiss ion gauges. (42)  Slabs 

22- by 12- by 2-inches (6700- by 305- by 50-mm) i n  dimension were cas t  from a 

v a r i e t y  o f  concretes having a wide range o f  u n i t  weights. Both weighed 

dens i t i es  and nuclear  dens i t i es  (twin-probe) were determined. The d is tance 

between the  probes was 12 inches (305 rnrn). Nuclear d e n s i t i e s  were determined 

by two groups o f  operators on t h e  same se t  o f  s labs. D i f fe rence s t a t i s t i c s  

f o r  the  two groups o f  operators a re  exce l l en t  (Mean d i f f e r e n c e  = 0.1 l b / f t  3 

( 2  kg/m3); standard dev ia t i on  o f  d i f f e r e n c e  = 1.3 l b / f t 3  (21 kg/m3)). 

However, when weighed dens i t i es  were compared t o  nuclear  dens i t i es ,  t h e  mean 
3 3 d i f f e r e n c e  was 2.4 I b / f t  (38 kg/m ) and the  standard d e v i a t i o n  o f  the  

3 3 
d i f f e r e n c e  increased t o  5.7 l b / f t  (91 kg/m ) .  Radiographs taken o f  these 

slabs a f t e r  t e s t  supported the  hypothesis t h a t  wide dens i t y  v a r i a t i o n s  ex i s ted  

throughout the  volume o f  t he  slab, which would c o n t r i b u t e  t o  f l u c t u a t i o n  i n  

nuclear gauge readings as compared t o  the  o v e r a l l ,  average dens i t y  o f  t he  t e s t  

slab. 

There have been a number o f  attempts t o  compare nuclear dens i t y  readings 

w i t h  dens i t i es  o f  core samples ex t rac ted  from t e s t  concrete subsequent t o  

hardening. This approach t o  es t imat ion  o f  accuracy s u f f e r s  from a t  l e a s t  two 

drawbacks. F i r s t ,  dens i t y  o f  hardened concrete i s  normal ly  d i f f e r e n t  from 

dens i ty  o f  f r e s h  concrete. Therefore, i f  nuclear  readings a re  no t  repeated on 

the  hardened concrete p r i o r  t o  e x t r a c t i o n  o f  t h e  core, t he re  w i l l  be a 

systematic e r r o r  i n  t he  comparison. Secondly, t h e  volume sensed by nuclear  

gauges, e i t h e r  backscat ter  o r  transmission, i s  normal ly n o t  c y l i n d r i c a l  i n  

shape; therefore,  t he  core i t s e l f  w i l l  no t  i nc lude  a l l  t he  same concrete 

sensed by the  gauge, and v i c e  versa. I n  s p i t e  o f  these l i m i t a t i o n s ,  i t  i s  

i n s t r u c t i v e  t o  study these comparisons w i t h  core dens i t i es ,  as they should 

represent an upper bound t o  the  dev ia t i on  t o  be expected from t r u e  dens i ty .  

The e a r l y  development s tud ies  on the  CMD inc luded such experiments, which were 

summarized by the  FHWA. (38) The i r  comparisons a r e  reproduced i n  t h i s  r e p o r t  

as t a b l e  18. 

I n  s p i t e  o f  t he  various sources o f  e r r o r  noted above, comparisons are  

q u i t e  good. I n  s t a t i c  condi t ions,  w i t h  the  CMD he ld  s ta t i ona ry  over the  t e s t  

pos i t i on ,  the  standard dev ia t i on  o f  the  d i f f e r e n c e  between CMD and cores i s  
3 l ess  than 1 l b / f t 3  (16 kg/n ) .  Under dynamic cond i t ions  t h i s  var iance i s  

increased, bu t  s t i l l  i s  very good and approaches the  inherent  p r e c i s i o n  o f  the  



Table 18. Laboratory comparison o f  CMD w i t h  convent ional t e s t  r e s u l  ts (38) .  

S t a t i c  t e s t s  Dynamtc t e s t s  

CMD as Mean Standard Mean Standard 
compared w i th :  n  d i f fe rence1/  dev ia t ion2/  n  d i f f e r e n c e  d e v l a t i o n  

1  b / f  t33 /  1b/f t3 I b / f  t 3  1 b / f  t 3  

Weighed dens i t y  36 -0.8 0.9 -- -- -- 

Vibrated u n i t  weight 33 0.5 1.2 72 -1 .O 1.5 

Commercial nuclear  34 -0 . 6  0.9 58 -1 .7 2.6 
gage dens i t y  

Core dens i t y  34 0.2 0.8 58 -0.4 1.2 

Combination core 34 0.5 0.8 58 -0.5 1.2 
dens i t y  ( 7 5  percent 
from top  h a l f  o f  
core, 25 percent 
from bottom h a l f )  

n  ' (PI* -p iB)  
i =1 

I/PIean d i f f e r e n c e  = n  

where p iA  and p iB  = d e n s i t i e s  by methods A and 8, respect tve ly .  

n  
( p i A  -piB-Mean d i f  ference)z 

Pistandard d e v i a t i o n  - n-1 1 li2 



nuclear devices. These data, obtained under w e l l - c o n t r o l l e d  l abo ra to ry  

cond i t ions  by the  developers o f  t he  equipment, show nuclear gauges t o  be 

p o t e n t i a l l y  capable o f  a t t a i n i n g  h igh  accuracy. Table 19 i l l u s t r a t e s  

subsequent l a b  comparison data obtained us ing t h e  CMD and a  convent ional back 

s c a t t e r  gauge by I l l i n o i s  DOT i nves t i ga to rs .  (39)  Here, t he  accuracy i s  

degraded somewhat as compared t o  the  data presented by the  FHWA, standard 
3  3  dev ia t ions  now being i n  t he  range o f  2  t o  3  l b / f t  (32 t o  48 kg/m ) .  

Results o f  var ious f i e l d  s tudies where nuclear  dens i t y  readings were 

compared w i t h  core dens i t i es  genera l l y  agree w i t h  the  second study, as seen i n  

t a b l e  20. I t should be noted t h a t  i n  t he  study r e f e r r e d  t o  as r e f .  39, a i r  

gap compensation had n o t  ye t  been added t o  the  CMD; t h i s  i s  t he  reason f o r  t he  

h igher  standard dev ia t ions .  

To summarize, w h i l e  accuracies o f  nuclear gauges (compared t o  core dens i ty  

r e s u l t s )  under f i e l d  cond i t ions  a re  genera l l y  l ess  than accuracies ob ta inab le  

under labora tory  conditions, absolute d i f f e rences  are  w i t h i n  the  accepted 

range o f  p r e c i s i o n  f o r  nuclear  and convent ional dens i ty  measurements, and 

v a r i a b i l i t y  i n  comparison s t a t i s t i c s  (as measured by the  standard d e v i a t i o n  o f  

d i f f e rences )  i s  on ly  somewhat h igher  than standard dev ia t ions  o f  nuclear  gauge 

readings obtained under s i m l l a r  f i e l d  cond i t ions .  The conclus ion may be drawn 

t h a t  nuclear dens i ty  gauges (bo th  convent ional and CMD) a re  s u f f i c i e n t l y  

p rec ise  and accurate f o r  use i n  determinat ion o f  dens i ty .  A t  best,  p rec is ions  

can approach those quoted by manufacturers when gauges a r e  used on more 

homogeneous mater ia ls ;  a t  worst, p rec is ions  a r e  a t  l e a s t  as good as could be 

expected us ing more convent ional approaches such as rodded and weighed 

dens1 t i e s .  

c. C a p a b i l i t i e s  and Po ten t i a l  App l ica t ions  o f  

Nuclear Density Gauges 

The fou r  basic  types o f  nuclear dens i ty  gauges, wh i l e  s i m i l a r  i n  

p r i n c i p l e ,  d i f f e r  s u f f i c i e n t l y  i n  t h e i r  operat ions such t h a t  t h e i r  a p p l i c a t i o n  

t o  var ious phases o f  cons t ruc t i on  ca r ry  c e r t a i n  advantages and disadvantages 

f o r  each gauge type. I n  order t o  p roper ly  se lec t  a  gauge f o r  a  c e r t a i n  

app l i ca t i on ,  a  knowledge o f  these l i m i t a t i o n s  i s  essen t i a l .  To o f f e r  t he  

reader a  ready reference, these advantages and djsadvantages have been 

summarized i n  t a b l e  21. 



Table 19. Comparisons o f  nuclear  auges w i t h  convent ional 
t e s t  r e s u l t s  . P39) 

Tests on Fresh Concrete Tests on Hardened Concrete 

CMD vs. Conventional CMD Conventional 
Weighed vs. Weighed vs. Core vs. Core 
Densi t y  Dens1 t y  Density ' Dens1 t y  

Number o f  Readings 

Mean d i f f e r e n c e  - 
l b / f t 3  (1)  

Standard 
Dev ia t ion  - 

l b / f t 3  (1 )  

Table 20. F i e l d  comparisons o f  nuclear  and core dens l t i es .  

Reference Gauge Type No. o f  Readings Mean D i f fe rence Std. Dev. 
( 1  (1 )  

( 1 b / f  t 3 )  ( 1 b / f  t 3 )  

(45) Transmi ss ion 10 -0.3 2.2 

(39) CMD 25 -2.0 3.3 

(39) CMD 25 -1 . 7 4.1 

(47 CMD 21 -0.6 3.1 



Table 21. R e l a t i v e  advantages and disadvantages o f  
nuc lear  dens i t y  gauge types. 

GAUGE TYPE ADVANTAGES 

DIRECT TRANSMISSION Inc ludes f u l l  concrete 
th ickness i n  measurement. 
L i t t l e  chemical i n te r fe rence .  
Widely used i n  o ther  areas, 
commercial ly ava i l ab le .  
F a i r l y  easy t o  c a l i b r a t e  
P rec i s i on  i s  good. Can 
avo id  s t e e l  by proper gauge 
p o s i t i o n i n g .  

BACKSCATTER 

TWIN-PROBE 

CMD 

Easy t o  perform. Minimal 
d is tu rbance o f  concrete. 
Widely used i n  o ther  areas, 
commercial ly ava i l ab le .  
S a t i s f a c t o r y  p rec i s i on .  
Usefu l  on t h i n  over lays 
(more s e n s i t i v e  t o  sur face 
l aye rs ) .  F a c i l i t a t e s  cleanup. 

Depth l o c a l i z a t i o n  o f  dens i ty .  
Long pa th  l eng th  inc luded 
i n  measurement. 
S e n s i t i v e  t o  smal l  voids. 
L i t t l e  chemical e f f e c t .  
Small r a d i a t i o n  source. 
Good p rec i s i on .  

Large volume o f  concrete 
inc luded i n  measurement. 
Adaptable t o  process c o n t r o l .  
No d is turbance o f  concrete. 
S a t i s f a c t o r y  p rec is ion .  

DISADVANTAGES 

Disturbance o f  concrete. 
Only measures smal l  volume 
o f  concrete placed. 
R e l a t i v e l y  slow measurement. 
D i f f i c u l t  t o  c lean gauge 
completely.  May be d i f f i c u l t  
t o  use where re inforcement  i s  
congested. Rad ia t ion  
moni t o r i n g  requ i red .  

I n s e n s i t i v e  t o  deep layers .  
Volume o f  i n f l u e n c e  
i l l - d e f i n e d .  S e n s i t i v e  t o  
chemical e f f e c t s .  Rein- 
f o r c i n g  s t e e l  and under ly ing  
concrete may I n t e r f e r e .  
Rad ia t ion  mon i to r i ng  requ i red .  

Increased d is tu rbance o f  
concrete. 
Slow measurement. 
D i f f i c u l t  t o  operate. 
Equipment n o t  commercial ly 
ava i l ab le .  

S e n s i t i v e  t o  sur face  l aye rs  
only .  Measurement va lue 
represents average o f  volume 
scanned. S e n s i t i v e  t o  
chemical e f f e c t s .  D i f f i c u l t  
t o  c a l i b r a t e .  Awkward t o  
handle. Increased r a d i a t i o n  
hazard. Needs Mcustoml' 
i n s t a l l a t i o n  f o r  each paver 
type. Measurements near 
pavement edges r e s t r i c t e d .  



One o f  t he  pr imary considerat ions i n  use o f  nuclear dens i ty  gauges i s  the  

volume o f  ma te r i a l  which t h e  p a r t i c u l a r  gauge inc ludes i n  t he  measurement. I n  

some cases, such as f u l l  depth paving, i t  may be des i rab le  t o  ob ta in  an 

average reading f o r  t h e  e n t i r e  thickness o f  pavement. I n  o ther  app l i ca t i ons ,  

such as t h i n  overlays, on ly  t he  dens i ty  o f  the  over lay i s  o f  i n t e r e s t  and, 

there fore ,  a  gauge s e n s i t i v e  t o  sur face layers  on ly  i s  des i rab le .  D i r e c t  

t ransmiss ion gauges o f f e r  t he  c a p a b i l i t y  o f  i n c l u d i n g  the  f u l l  thickness, up 

t o  10 inches (250 mm), i n  t he  measurement. Backscatter gauges may be more 

appropr ia te  t o  t h i n  overlays, as they are  most s e n s i t i v e  t o  the  dens i t y  

inc luded i n  the  sur face layers.  I f ,  i n  a d d i t i o n  t o  a  dens l ty  averaged across 

the  depth, l o c a l i z a t i o n  o f  dens i ty  w i t h  depth i s  desired, then the  twin-probe 

gauge would be a  more appropr ia te  choice. This  would a f f o r d  the  user the  

oppor tun i ty  t o  evaluate dens i ty  above and below r e f n f o r c i n g  mesh o r  continuous 

reinforcement,  and thereby ob ta in  in fo rmat ion  on the  a b i l i t y  o f  t he  

conso l i da t i on  equipment being used t o  conso l ida te  concrete below the  

reinforcement.  

The volume o f  concrete measured i n  r e l a t i o n  t o  the  t o t a l  volume placed i s  

a l s o  an important  considerat ion,  espec ia l l y  where nuclear dens i t y  readings are  

t o  be used i n  decis ions r e l a t i n g  t o  acceptance o f  concrete. The major 

disadvantage o f  t he  " s t a t i c t t  types o f  gauges, i.e., d i r e c t  transmission, 

backscatter,  and twin-probe, i s  t h a t  they b a s i c a l l y  c o n s t i t u t e  a  p o i n t  

measurement, as compared t o  the  t o t a l  volume o f  concrete placed, I n  order t o  

ob ta in  meaningful s t a t i s t i c s  i n  f u l l - s c a l e  paving operat ions, a  very l a rge  

number o f  measurements would be needed. This may orove t o  be imprac t i ca l  

where gauges r e q u i r i n g  i n s e r t i o n  i n t o  the  concrete are  used ( t ransmiss ion and 

twin-probe),  and may a l s o  be d i f f i c u l t  w i t h  backscat ter  gauges, unless a  l a rge  

comnitment i n  operators and equipment i s  made. The CMD has an obvious 

advantage i n  t h i s  regard, as l a rge  areas o f  concrete can be measured i n  r e a l  

t ime dur ing  the  paving process. The disadvantage l i e s  i n  the  f a c t  t h a t  the  

CMD i s  b a s i c a l l y  a  backscat ter  instrument;  t he re fo re  l i t t l e  o r  no i n fo rma t ion  

i s  suppl ied w i t h  regards t o  dens i t i es  below 4 inches (100 mm) from the  

surface. One means o f  overcoming t h i s  l i m i t a t i o n  would be t o  supplement CMD 

readings w i t h  d i r e c t  t ransmiss ion measurements a t  selected po in t s .  These 

po in t s  could be chosen i n  areas where CHD measurements i nd i ca ted  t h a t  surface 

d e n s i t i e s  were low, o r  a t  randomly selected po in t s  i n  the  newly-placed 

pavement. 



Another area where comparisons are  use fu l  r e l a t e s  t o  t h e  general handl ing 

and operat ing c h a r a c t e r i s t i c s  o f  t he  various gauge types. Perhaps t h e  eas ies t  

t o  operate i s  t he  backscat ter  type. Here no penet ra t ion  o f  t he  concrete i s  

required, and the*re i s  no source rod t o  clean. This  i s  e s p e c i a l l y  important  

w i t h  regards t o  r a d i a t i o n  safety,  as w ip ing  o f  t h e  source rod can, i n  theory, 

lead t o  excessive r a d i a t i o n  exposure i f  done over long per iods o f  t ime. The 

most d i f f i c u l t  t o  operate are  the  twin-probe and CMD. The twin-probe requ i res  

more exact p o s i t i o n i n g  o f  the  gauge, and one must ensure t h a t  t h e  concrete 

sur face i s  f a i r l y  smooth so t h a t  t he  probes penetrate the  sur face i n  a 

perpendicular  geometry. The CMD i s  r a t h e r  heavy, o f  t he  order  o f  180 1b (85 

kg);  t h i s  makes c a l i b r a t i o n  somewhat d i f f i c u l t  and awkward, and increases the  

t ime needed both f o r  setup o f  t h e  equipment on the  paver and subsequent 

cleanup a f t e r  t he  operat ions have been completed. 

One other  important  area where gauge performance comparisons a re  

i n s t r u c t i v e  r e l a t e s  t o  the  e f f e c t  o f  mesh, dowel bars, and r e i n f o r c i n g  s t e e l  

on gauge response. Provided t h a t  s t e e l  i s  pos i t ioned below the  sur face layers  

o f  t he  pavement, backscat ter  and CMD gauges w i l l  be l i t t l e  a f f e c t e d  by i t s  

presence. M i t c h e l l  repor ted t h a t  No. 6 (0.19 inch, 4.9 mm) mesh pos i t i oned  a t  

2 inches (50 mm) o r  No. 6 (3/4 inch, 19 mm) bar pos i t ioned a t  3 inches (80 mm) 

had l i t t l e  e f f e c t  on dens i t y  readings o f  t he  CMD. (38) S p a l t i  and Lemar, 

us ing a commercial backscat ter  gauge, found t h a t  No. 5 (5/8 inch, 16 mm) bar 

had l i t t l e  e f f e c t  on readings when located greater  than 2.5 inches (64 mn) 
3 below the  s lab  surface, bu t  added approximately 4 t o  5 l b / f t  (64 t o  80 

3 kg/m ) t o  readings when located 1.5 inches (38 mn) from the  surface. (47) 

I n  t he  1977 survey, C a l i f o r n i a  noted t h a t  t he re  was l i t t l e  e f f e c t  o f  

r e i n f o r c i n g  s t e e l  when located 4 inches (100 mm) below the  surface, bu t  
3 3 dens i t i es  increased by 1.5 and 5.3 l b / f t  (24 and 85 kg/m ) when s t e e l  

depth was decreased t o  2.5 inches (64 mm) and 1.5 inches (38 mm), 

respect ive ly .  (43) 

When s t e e l  i s  located r e l a t i v e l y  c lose  t o  the  surface, ye t  deep enough 

(usua l l y  1 t o  2 inches (25 t o  50 mm)) t o  a l l o w  operat ion i n  t h e  d i r e c t  

t ransmiss ion mode, more accurate r e s u l t s  may be obtained us ing d i r e c t  

t ransmiss ion readings. However, as prev ious ly  noted, d i r e c t  t ransmiss ion i s  

somewhat slower, and cleanup i s  more tedious due t o  the  need f o r  c lean ing  o f  

the  source rod. 



D i r e c t  t ransmiss ion readings over thicknesses Qhich encompass embedded 

s t e e l  w i l l  be in f luenced by t h e  presence o f  t h e  metal. The magnitude o f  the  

e f f e c t  i s  determined by the  s l z e  and spacing o f  the  s tee l .  f o r  instance, a 

mat o f  No. 5 (5/8 inch, 16 mm) bars on 4- inch (100 mm) centers w i t h  1.5 inches 

(38 mm) o f  cover had a l a r g e  e f f e c t  on t ransmiss ion readings taken a t  the  
3 3 2- inch (50 mn) depth, inc reas ing  average dens i t y  by 6 l b / f t  (96 kg/m ) 

over specimens conta in ing  no s tee l .  (47)  However, No. 5 (0.20 inch, 5.2 mn) 

w i r e  mesh placed a t  a depth o f  3 inches (75 mm) produced very l i t t l e  i n f l uence  

on d i r e c t  t ransmiss ion readings a t  4- inch (100 mn) depth. (45) These data 

i n d i c a t e  tha t ,  w h i l e  t h e  r e l a t i v e l y  t h i n  gauge welded-wire mesh w i l l  n o t  

significantly i n t e r f e r e  w i t h  resu l t s ,  r e i n f o r c i n g  s t e e l  bars can have a l a r g e  

in f luence,  and the  p o s i t i o n i n g  o f  the  source rod should be determined by 

t e s t i n g  p r i o r  t o  use o f  d i r e c t  t ransmiss ion measurements on re in fo rced  

concrete. 

The a p p l i c a t i o n  o f  nuclear  dens i t y  gauges t o  highway cons t ruc t i on  should 

a f f o r d  bo th  cont rac tors  and inspectors w i t h  improved c a p a b i l i t i e s  f o r  process 

c o n t r o l  and acceptance t e s t i n g .  The c a p a b i l i t i e s  o f  t he  fou r  basic  gauge 

types a r e  summarized i n  t a b l e  22. 

Nuclear dens i t y  gauges a l l o w  a d i r e c t  measurement o f  v i b r a t o r  performance 

and e f f i c i e n c y  o f  conso l i da t i on  t o  be made. I t  i s  u n l i k e l y  t h a t  s u f f i c i e n t  

readings could be obtained w i t h  s t a t i c  gauges so t h a t  each v i b r a t o r  on a paver 

could be monitored; i n  t h l s  case the  CMD would be more appropr iate.  However, 

s tud ies  by Texas Transpor ta t ion  Research I n s t i t u t e  (21)  have shown t h a t  

problems do e x i s t  w i t h  conso l i da t i on  o f  t he  lower po r t i ons  o f  a concrete 

slab. I n  t h i s  case, w h i l e  t h e  CMD would a l l o w  operators t o  assess whether 

v i b r a t o r s  were func t i on ing  s u f f i c i e n t l y  t o  conso l ida te  t h e  top  layers  o f  the  

slab, p e r i o d i c  checks should be made e i t h e r  w i t h  a d i r e c t  t ransmiss ion o r  

twin-probe gauge t o  determine i f  conso l i da t i on  i s  adequate i n  the  bottom 

layer .  I f  two gauges were ava i lab le ,  i t  i s  est imated t h a t  t he  readings could 

be obtained approximately every 30 f e e t  (9  m) assuming the  paver were 

t r a v e l i n g  a t  15 f t / m i n  (4.5 m/min) and 2 minutes were requ i red  f o r  the  

readings. S t a t i c  readings would be more usefu l  i n  areas where hand-held 

v i b r a t o r s  a r e  o f t e n  used t o  ensure t h a t  concrete i s  consol idated, such as a t  

cons t ruc t i on  j o i n t s ,  around dowels, and dowel basket assemblies. 

Nuclear dens i t y  gauges should a l so  prove a use fu l  t o o l  i n  acceptance 

t e s t i n g .  Cur ren t ly ,  prov ided t h a t  thickness s p e c i f i c a t i o n s  are  met and the  

pavement i s  no t  obviously  honeycombed or  de fec t lve ,  no t e s t s  a re  r o u t i n e l y  
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Table 22. Capabilities of nuclear density gauges. 

GAUGE TYPE PROCESS CONTROL 

Vibrator Operations Adequacy o f  Consol i dat ion 

Direct Transmission Multiple readings required for Can include entire thickness 
paver uni t s  . Hore appl i cab1 e i n measurement 
to areas where hand vibrators within 2 lb/ f t3 (EzB). 
used. Readings can be obtained a t  

various 9 t h ~  (but 
nonlocalized). Spot readings 
near joints and mesh can be 
obtained. 

ACCEPTANCE TESTING DETECTION OF M I X  EFECTS 
" . -  r 

s . .  
, ' <  . - , '  I 

Average for thickness i n  Average a i r  t!on&ht variations 
measurement. To obtain (52 percent) over thickness. 
representat i ve Detection o f  water content 
measurement across pave- variations o f  215 percent 
ment mu1 t iple. readings possible. 
uould be required. 

Backscat ter W l t i p l e  readings required for Host useful for  thinoverlays. Sanewhatmore rapidmeas-(=ould&tect a i r  content i n  
ver units. Could apply to Surface layer? up to 2-in urement i f  multiple read- surface layer t o  +2 percent. 

Cnd held units, but depth (50 mn) contribute most ings required. Precision Could detect water content 
1 i m i  ted. heavil t o  readings. L i t t l e  sanewhat less than with variations i n  surface layer 

di  studance o f  concrete direct transmission. to k15 percent. 
dur i ng test. Surface could be treated 

separate fm bulk - 
pavement . 

Continuous (CHD) Verify vibrator operation by Offers rapid scan o f  pavement Large, representative nix defects averaged over 
continuous scan. Vibrator surface. Speeds up to volune i s  measured. volume measured. 
efficiency evaluated i n  top 17 ft/min (.085 d s )  obtain- Real-time read- 
layer only. Cannot pene- able. Can penetrate up to out available. Volune 
trate beyond 4 i n  (100 mn) . 4-in(100 mn) in to  pavement. included adjustable by , 

Continuousreadoutobtained. changeintlmeconstant. 

Twin Probe W l  t i p l e  readings required Offer localizeddensityread- L ~ l i z e d a c c e p t a n c e ~ s -  Potential for localization 
for paver un i t s  . ings with depth. slble. Location o f  void o f  areas o f  high water or a i r  
Possibi 1 i t y  o f  indicating Can locate v o ~ d  areas. areas a t  depth possible. content. 
depth o f  vibrator i nf  1 uence. 



performed which assure the  owner t h a t  proper conso l ida t ion  has been achieved. 

While many o ther  var iab les  may con t r i bu te  t o  t h e  u l t i m a t e  q u a l i t y  and 

performance o f  concrete construct ion,  i f  the  conso l i da t i on  i s  poor, s t rength  

w i l l  su f fe r ,  pe rmeab i l i t y  w i l l  increase, and the  serv ice  l i f e  w i l l  most l i k e l y  

be shortened. Whi le t h e  use o f  nuclear  dens i t y  gauges i s  c e r t a i n l y  des i rab le  

from an acceptance viewpoint,  l i m i t a t i o n s  on sampling r e s t r i c t  use o f  many o f  

the  gauge types. Even w i t h  a  number o f  gauge operators a c t i v e  a t  one time, 

t he  t o t a l  volume o f  pavement which can be inspected i s  on ly  a  f r a c t i o n  o f  the  

t o t a l  amount o f  concrete a c t u a l l y  placed. While t h i s  might no t  be a  serious 

l i m i t a t i o n  i f  defects were t o  occur i n  a  un i fo rm manner, most o f t e n  those 

areas where conso l i da t i on  i s  poor occur on ly  i n f requen t l y ;  t he re fo re  the  

l i k e l i h o o d  t h a t  p o i n t  readings would enable inspectors t o  de tec t  these areas 

i s  smal l .  This l i m i t a t i o n  i s  n o t  as great  i n  handworked areas, where the  

t o t a l  volume o f  concrete placed i s  much less  than i n  main l ine  paving. These 

l i m i t a t i o n s  on s t a t i c  gauges would appear t o  make t h e  CMD the  choice f o r  

mon i to r ing  o f  straightaway pavement conso l ida t ion ,  w i t h  s t a t i c  gauges used f o r  

checks i n  quest ionable areas and a t  j o i n t s ,  and f o r  in fo rmat ion  on v a r i a t i o n  

o f  dens i t y  w i t h  depth. 

There a re  some p o s s i b i l i t i e s  f o r  use o f  nuclear  gauges f o r  de tec t i on  o f  

mix de fec ts  o ther  than incomplete conso l ida t ion .  A rough c a l c u l a t i o n  shows 

t h a t  t h e  inherent  p r e c i s i o n  o f  nuclear dens l ty  gauges w i l l  a l l o w  f o r  de tec t i on  

o f  v a r i a t i o n  i n  a i r  content  o f  2 percent, and v a r i a t i o n s  i n  water content  ( o f  

a  t y p i c a l  mix tu re)  w i t h i n  215 percent, a t  best.  However, t h i s  assumes t h a t  

t he  dens i t y  i s  n o t  changing f o r  other  reasons a t  t he  same time. I f  t h i s  can 

be v e r i f i e d ,  then nuclear  dens i t y  gauges may o f f e r  a  means o f  c o n t r o l l i n g ,  a t  

l e a s t  i n  a  q u a l i t a t i v e  manner, l a r g e  v a r i a t i o n s  i n  mix c h a r a c t e r i s t i c s  such as 

a i r  and water contents. 



QUALITY CONTROL PROCEDURE DEVELOPMENT 

This  sec t i on  addresses t h e  development o f  q u a l i t y  c o n t r o l  procedures based 

on degree o f  concrete conso l ida t ion .  Because a  concrete pavement i s  a  

manufactured item, i t  i s  necessary t o  ensure t h a t  q u a l i t y  c o n t r o l  i s  exerc ised 

a t  a l l  c r i t i c a l  phases o f  product ion.  Present ly ,  q u a l i t y  c o n t r o l  

s p e c i f i c a t i o n s  e x i s t  t o  assure a  q u a l i t y  product  through a l l  phases, up t o  

d e l i v e r y  o f  concrete a t  a  s i t e .  However, t he re  a r e  no d i r e c t  s p e c i f i c a t i o n s  

a v a i l a b l e  t o  moni tor  concrete q u a l i t y  a f t e r  t h e  concrete i s  placed i n  f r o n t  o f  

t h e  paver. As shown by t h e  r e s u l t s  o f  t he  present  study, concrete p r o p e r t i e s  

and t h e r e f o r e  pavement performance can be g r e a t l y  a f f e c t e d  by t h e  degree o f  

conso l ida t ion .  Inadequate conso l i da t i on  can r e s u l t  i n  concrete t h a t  i s  

n e i t h e r  s t rong nor durable and consequently can r e s u l t  i n  premature f a i l u r e  o r  

l oss  o f  s e r v i c e a b i l i t y  o f  t he  pavement. 

Acceptance sampling i s  a  systematic procedure f o r  dec id ing  f o r  a  g iven  

l e v e l  o f  r i s k s  whether t o  accept o r  r e j e c t  t h e  product  inspected. A good 

sampling p l a n  fo rces  the  supp l i e r  t o  c o n t r o l  t h e  q u a l i t y  o f  h f s  product.  A 

very s t r i c t  acceptance sampling p lan  can be u n f a i r  t o  the  s u p p l l e r  and may 

r e s u l t  i n  an unnecessar i ly  h igher  p r i c e  f o r  t h e  product.  Thus, a  balance has 

t o  be maintained between an acceptable l e v e l  o f  q u a l i t y  o f  t h e  product  and t h e  

p r i c e  o f  t he  product.  

1. E x i s t i n g  Spec i f i ca t i ons  f o r  Paving Concrete 

E x i s t i n g  s p e c i f i c a t i o n s  f o r  paving concrete can be c l a s s i f i e d  i n t o  two 

broad categor ies.  The f i r s t  category r e l a t e s  t o  t h e  s t reng th  o f  hardened 

concrete, and t h e  second category r e l a t e s  t o  t h e  p rope r t i es  o f  t h e  p l a s t i c  

concrete d e l i v e r e d  t o  t h e  s i t e .  I n  a d d i t i o n  t o  spec i f y i ng  t h e  q u a l i t y  o f  

concrete, s p e c i f i c a t i o n s  a r e  a l s o  used t o  ensure t h e  q u a l i t y  o f  t h e  f i n i s h e d  

pavement by spec i f y i ng  to lerances f o r  pavement th ickness and t h e  f i n i s h e d  

sur face c h a r a c t e r i s t i c s .  

a. Spec i f i ca t i ons  f o r  P l a s t i c  Concrete 

Spec i f i -ca t ions  f o r  p l a s t i c  paving concrete gene ra l l y  i nc lude  t h e  f o l l o w i n g  

th ree  i tems: 

U n i t  weight.  

Slump. 

A i r  content.  



U n i t  weight  o f  pav ing concrete i s  measured p r i m a r i l y  t o  c o n t r o l  u n i f o r m i t y  

o f  t h e  concrete w i t h i n  a batch and f rom batch t o  batch. The weight  per  cubic  

f o o t  o f  concrete i s  determined accord ing t o  t h e  procedures o f  ASTM 

Designat ion: C138 (Standard Test Method f o r  U n i t  Weight, Y ie ld,  and A i r  

Content (Grav imet r i c )  o f  Concrete). The use o f  t h i s  t e s t  i s  n o t  very common 

f o r  pav ing concrete. The t e s t  i s  s p e c i f i e d  when low slump concrete i s  used 

f o r  b r i dge  deck cons t ruc t ion .  

Slump i s  a t e s t  t o  measure t h e  consistency o f  concrete and t h e  t e s t  i s  

made i n  accordance w i t h  ASTM Designat ion: C143 (Slump o f  Por t land  Cement 

Concrete.) For paving concrete, slump i s  s p e c i f i e d  t o  c o n t r o l  t h e  p o t e n t i a l  

s t reng th  o f  concrete and t o  reduce t h e  r i s k  o f  edge slumping when s l i p f o r m  

paving i s  used, For v i b r a t e d  s l i p f o r m  paving, slump i s  gene ra l l y  s p e c i f i e d  t o  

be between 1/2 i n c h  and 1-1/2 inches (13 and 38 mm). For machine f i n i shed ,  

f i xed - fo rm pavement, slump i s  gene ra l l y  s p e c i f i e d  t o  be between 1-1/2 and 

2-1/2 inches (38 and 64 mm). Slump t e s t s  should gene ra l l y  be made w i t h  a 
3 3 frequency o f  n o t  l ess  than one t e s t  f o r  each 150 yd (115 m ) o f  concrete 

o r  a t  a r a t e  o f  one t e s t  f o r  each 200 f t  (60 m) o f  two-lane paving. The 

t ruck load  o f  concrete n o t  meeting the  s p e c i f i e d  l i m i t s  f o r  slump i s  re jec ted .  

A i r  con ten t  o f  concrete i s  s p e c i f i e d  t o  ensure concrete durability. A i r  

con ten t  i s  measured us ing  t h e  procedures o f  ASTM Designat ion: C173 - Test 

Method f o r  A i r  Content o f  F resh ly  Mixed Concrete by the  Volumetr ic Method o r  

ASTM Designat ion: C231 - Test Method f o r  A i r  Content o f  F resh ly  Mixed 

Concrete by t h e  Pressure Method. The a i r  con ten t  s p e c i f i e d  i s  gene ra l l y  based 

on t h e  nominal maximum s i z e  o f  aggregate i n  t he  m ix tu re  and t h e  exposure 

cond i t i on .  For example, t h e  a i r  content  s p e c i f i e d  f o r  concrete w i t h  

1-1/2 i n c h  (38 nm) maximum aggregate s i z e  i n  severe exposure c o n d i t i o n  i s  5.5 

t o  6.0 percent.  A t o l e rance  o f  9 . 5  percent  o f  t he  s p e c i f i e d  va lue i s  

gene ra l l y  al lowed. A i r  content  and slump t e s t s  a r e  gene ra l l y  made on the  same 

batch o f  concrete a t  a frequency o f  n o t  l ess  than one t e s t  f o r  each 150 yd 3 

3 (115 m ) o f  concrete d e l i v e r e d  t o  t he  s i t e .  

Although, s t a t i s t i c a l l y  based acceptance sampling p lans can be developed 

f o r  slump and a i r  con ten t  t es t s ,  most hlghway agencies accept o r  r e j e c t  

concrete on the  bas is  o f  a t r uck load  only ,  l e e . ,  i f  a t e s t  f a i l s ,  on l y  t h a t  

s i n g l e  t ruck load  i s  re jec ted .  



b. Spec i f i ca t i ons  Base,d on Strength 

Acceptance o f  concrete based on s t reng th  i s  a very common and accepted 

procedure. S t rength  may be de f ined  i n  terms o f  compressive o r  f l e x u r a l  

s t rength.  Many highway agencies p r e f e r  t o  use compressive s t reng th  even 

though concrete pavement design i s  u s u a l l y  based on f l e x u r a l  s t rength .  Many 

agencies, however, do n o t  spec i f y  a minimum s t rength .  Th'ese agencies at tempt  

t o  c o n t r o l  t h e  q u a l i t y  o f  concrete by spec i f y i ng  t h e  mix design and t h e  

q u a l i t y  o f  t h e  concrete-making ma te r i a l s .  
I 

A major problem w i t h  c o n t r o l l i n g  t h e  q u a l i t y  o f  concrete by s p e c i f y i n g  a 

minimum s t reng th  i s  t h a t  t e s t  r e s u l t s  a r e  n o t  a v a i l a b l e  u n t i l  28 days a f t e r  

concrete placement. I n  add i t i on ,  because t h e  specimens used f o r  s t reng th  

t e s t s  a re  molded. t he  q u a l i t y  o f  these specimens i s  n o t  necessa r i l y  

representa t i ve  o f  the  q u a l i t y  o f  concrete which i s  g r e a t l y  i n f l uenced  by t h e  

degree o f  conso l ida t ion .  

When concrete s t reng th  i s  spec i f ied ,  i t  i s  u s u a l l y  s p e c i f i e d  as fo l l ows :  

Concrete represented by a s t reng th  t e s t  o f  a t  l e a s t  95 percent  o f  t he  
requ i red  28-day compressive s t reng th  w i l l  be acceptable f o r  
cast - in-p lace and precast  concrete. (48) 

The average o f  any n consecut ive s t reng th  tes t s ,  t es ted  a t  t h e  end o f  
28 days, s h a l l  have an average s t reng th  equal t o  o r  g rea te r  than the  
s p e c i f i e d  strength.(49) 

The American Concrete I n s t i t u t e ' s  (ACI) Recommended P rac t i ce  f o r  

Eva lua t ion  o f  S t rength  Test Resul ts  o f  Concrete ( A C I  214-77) descr ibes f o u r  

d i f f e r e n t  methods o f  spec i f y i ng  concrete s t rength,  i n c l u d i n g  t h e  two examples 

g iven  above. However, ACI recommends use o f  an associated p r o b a b i l i t y  f o r  

each method. 

Highway agencies have u s u a l l y  n o t  used pay schedules f o r  concrete 

s t rength,  a l though pay schedules a r e  w lde ly  used f o r  pavement th ickness.  The 

Federal A v i a t i o n  Admin i s t ra t i on  prov ides f o r  acceptance o f  concrete based on a 

pay schedule f o r  each l o t  o f  concrete. This  pay f a c t o r  schedule i s  g iven  

below. ( 50) 



Pay Factor 
Acceptance L imi  t s  
Average F lexu ra l  Strength 
( 4  t e s t s )  

g rea ter  than M+0.120R 
M t o  M+0.115R 
M-0.090R t o  M-0.005R 
less  than M-0.090 

where: M = spec i f i ed  28-day f l e x u r a l  s t rength  
R,  = range, o f  sample o f  s i z e  n = 4 

Weed has suggested use o f  pay schedules f o r  concrete used f o r  highway 
paving . (51s52'53'54) Weed suggests us ing pay schedules f o r  w i thho ld ing  

s u f f i c i e n t  payment a t  the  t ime o f  cons t ruc t i on  t o  cover the  e x t r a  cos t  

a n t i c i p a t e d  i n  the  f u t u r e  as the  r e s u l t  o f  d e f i c i e n t - q u a l i t y  work. (52) 

2. E f f e c t  o f  Consol idat ion on Pavement Serv ice L i f e  

As p a r t  o f  t he  present study, labora tory  data was developed on t h e  e f f e c t  

o f  conso l i da t i on  on some o f  t he  important  p rope r t i es  o f  concrete. These data 

were presented e a r l i e r  i n  t he  repo r t .  Data were developed f o r  t he  f o l l o w l n g  

p rope r t i es  o f  concrete: 

Compressive st rength.  

Bond o f  r e i n f o r c i n g  s t e e l  t o  concrete. 

Permeab i l i t y  o f  concrete t o  c h l o r i d e  ions.  

Resistance o f  concrete t o  f reez ing  and thawing i n  water. 

a. E f f e c t  o f  Consol idat ion on Strength 

Laboratory t e s t  data i n d i c a t e  t h a t  the  degree o f  conso l i da t i on  has a 

s i g n i f i c a n t  e f f e c t  on compressive st rength.  Test r e s u l t s  show t h a t  

compressive s t reng th  i s  reduced by about 30 percent f o r  each 5 percent  

decrease i n  degree o f  conso l ida t ion .  The general r e l a t i o n s h i p  between percent 

conso l i da t i on  and compressive was best  described by the  form o f  equat lon 3. 

The r e l a t i o n s h i p  f o r  compressive s t rength  i s  g lven below: 

where: fcx  - - fc,x'fc,lOO 



f . = compressive strength "at 
c ' X  x percent consol i da t i on  

= compressive strength a t  
fc*lOO 100 percent consol idat ion 

Al = regression constant ( f rom tab le  8) 

Since pavement analysis and design procedures general ly  use f l e x u r a l  

s t rength (modulus o f  rupture), the consolidatlon/compresslve strength r e l a t i on -  

ship was used t o  es tab l i sh  the re la t ionsh ip  between f l e x u r a l  s t rength and 

degree o f  consol ldat lon. 

The f l e x u r a l  strength, fr, i s  general ly  estimated from the compressive 

strength, fc, using the fo l l ow ing  re la t ionsh ip :  

where: K = a constant 

n = 0.5 

S u b ~ t ~ i t u t i h g  equatlon 11 i n t o  equatlon 10, the fo l l ow ing  i s  obtained: 

where: 
- 

r x  - f r , x ' f r , l ~ ~  
f = f l e x u r a l  s t rength  a t  x percent consol idat ion 

r,x 
f r , ~ ~ ~  = f l e x u r a l  s t rength a t  100 percent consol idat ion 

The values o f  the c o e f f i c i e n t  A, are given i n  tab le  8 f o r  the s i x  

d i f f e r e n t  mixes used f o r  the study. The value o f  A1 when a l l  t he  data f o r  

the s i x  mixes were combined equals 0.0364, w i t h  a standard e r ro r  o f  estimate 

o f  0.0602 appl icable t o  the logar i thmic form o f  equation 10. Equatlon 10 has 

a c o e f f i c i e n t  o f  co r re l a t i on  o f  0.965. The equation f o r  the combined data can 

be w r i t f e n  as fo l lows:  

where: Z = standard deviate associated w i t h  a given l eve l  o f  confidence 

l i m i t s  

= 1.96 f o r  95 percent confidence l i m i t s  



Equation 13 is'tab,ulated i n  tab le  23. The e f f e c t  o f  degree o f  

consol idat ion on projected serv ice l i f e  o f  a concrete pavement can be 

estimated using equation 13 and the procedures given i n  the AASHTO1s "Guide 

f o r  Design o f  Pavement  structure^.^ The AASHTO design guide contains an 

equation t h a t  pred ic ts  the number o f  equivalent  18-kip s ingle-axle loads (SAL) 

t h a t  a concrete pavement can sustain as a func t ion  o f  several design 

parameters such as concrete f l e x u r a l  s t rength and pavement thickness. (15) 

The projected serv ice l i f e  o f  a concrete pavement was determined as a 

func t ion  o f  degree o f  consol idat ion using equation 13 and the AASHTO design 

equatlon. The projected serv ice l i v e s  are given i n  tab le  24. I t i s  seen t ha t  

concrete consol idat ion can have a s i g n i f i c a n t  e f f e c t  on pavement serv ice 

l l f e .  A t  90 percent consol idat ion, projected pavement serv ice l i f e  i s  only 

5.4 years. 

The e f f e c t  o f  normal mater ia l  v a r i a b i l i t y  associated w i t h  the construct ion 

process should a lso  be considered i n  the analysis o f  the e f f e c t  o f  

conso l idat ion on pavement serv ice l i f e .  For s imp l i c i t y ,  i t  i s  assumed t h a t  

the measurements re la ted  t o  the degree o f  consol ldat ion can be considered t o  

be normally d i s t r i bu ted .  Then, the e f f e c t  o f  normal mater ia l  v a r i a b i l i t y  on 

pavement performance can be considered by assuming the fo l l ow ing  condit ions: 

Measured average degree o f  consol idat ion, u = 98 percent 

Measured standard dev ia t ion due t o  mater ia l  v a r i a b i l i t y ,  

u = 1.0 percent m 
Design f l e x u r a l  s t rength = 600 ps i  (4.1 MPa) 

Then the expected serv ice l i f e  f o r  a pavement whose average degree o f  

conso l idat ion i s  98 percent can be computed as shown i n  tab le  25 and i s  

computed t o  be 16.5 years. The expected serv ice l i v e s  f o r  measured average 

degrees o f  consol idat ion o f  99 and 100 percent are 18.4 and 19.6 years, 

respectively. I n  the above computations, i t  was assumed t h a t  the measured 

f l e x u r a l  s t rength a t  100 percent consol idat ion equaled the deslgn f l e x u r a l  

strength. I n  pract ice,  the measured average f l e x u r a l  s t rength on proper ly 

con t ro l l ed  pro jec ts  i s  considerably higher than the design strength. This i s  

because, on many projects,  concrete acceptance i s  a l so  based on acceptance 

c r i t e r i a  based on strength. These strength-based plans a l low f o r  only a small 

f r a c t i o n  o f  tes ts  t o  f a l l  below the spec i f ied  design strength. The e f f e c t  



Table 23. E f f e c t  of  consolidation on concrete f l e x u r a l  strength. 

Percent f r ,x / f r ,100  
Consolida- 
t i o n ,  x Lower L imi t  Average Upper L imt t  

Notes: 1. Based on Equation 13. - 
2.  Upper and lower l i m i t s  r e f e r  t o  the 95 percent confidence l i m i t s .  
3. fr,, = f l e x u r a l  strength a t  x percent consoltdatlon. 

f r , l O O  = f l e x u r a l  strength a t  100 percent consolidatton. 



Table 24 E f f e c t  on consolidation on projected service l i f e .  

Percent 
Consol ida t ion  

Projected Service 
L i f e ,  years 

Notes: 1 .  S t ra igh t - l i ne  pro ject ion  f o r  t r a f f i c  growth assumed. 
2. Design concrete f l e x u r a l  strength ( a t  100 percent consolidation) 

= 600 ps i  (4 .1  MPa). 
3. Projected service l i f e  i s  independent of  design pavement 

thickness. 



Table 25. Expected servfce l i f e .  

Percent P r o b a b l l l t y  o f  Servjce L i fe ,  years 
Consol idat ion Occurrence, X Projected Expected 

(1) (2 )  (3) 

Expected Service L i f e  16.50 

Notes: 1. P r o b a b i l i t y  o f  occurrence estimates the f r a c t i o n  o f  t h e  pavement 
w i t h  the  given degree o f  consol idat ion.  

2. Projected serv ice l i f e  i s  the  serv ice I l f e  predicted i f  a l l  o f  
the  pavement was consol idated a t  the  g iven l e v e l  o f  
consol l da t ion .  

3. Expected serv ice l i f e  i s  the  c o n t r i b u t i o n  o f  each f r a c t l o n  o f  
the  pavement t o  the  o v e r a l l  pavement serv ice l i f e  and i s  
obtatned by m u l t i p l y i n g  the values i n  the  second and t h i r d  
columns . 



o f  the degree o f  consol idat ion on inplace f l e x u r a l  s t rength r e l a t i v e  t o  the 

design strength f o r  d i f f e r e n t  values o f  f l e xu ra l  s t rength a t  100 percent 

consol idat ion i s  shown i n  tab le  26. Thus, i f  the concrete supplied a t  the 

s i t e  has an average strength a t  100 percent consol ldat ion greater  than the 

design strength, the expected serv ice l i f e  as given i n  tab le  25 would be 

higher. The expected serv ice l i f e  f o r  such a case i s  given i n  t ab l e  27. 
\ 

b. E f f ec t  o f  Consol idat ion on Other Propert ies o f  Concrete 

The e f f e c t  o f  consol idat ion on bond o f  re in fo rc ing  s tee l  t o  concrete and 

on permeabi l i ty  o f  concrete t o  ch lor ide ions was a lso found t o  be s l gn l f i can t .  

As discussed ea r l i e r ,  there i s  a loss o f  approximately 50 percent i n  bond 

strength f o r  a 5 percent reduct ion i n  the degree o f  consol idat ion. Average 

bond strength measured a t  100 percent consol idat ion was about 1000 p s i  (6.8 

HPa), and there fore  the bond strength developed a t  95 percent consol idat ion 

has a value o f  about 500 p s i  (3.4 MPa). 

Bond development i s  p r ima r i l y  o f  importance t o  continuously re inforced 

cohcrete pavements (CRCP) . As discussed i n  sect ion 2, bond strength inf luences 

the minimum crack spacing t h a t  need t o  be developed i n  CRCP; a l so  a minimum 

bond strength o f  about 300 p s i  (2.1 MPa) must be avai lable.  Therefore, i t  

would appear t h a t  an absolute lower bound f o r  degree o f  consol idat ion f o r  CRCP 

would need t o  be a t  l eas t  95 percent t o  ensure e f f e c t i v e  bond between the 

re tn fo rc ing  and the concrete and t h a t  a des i rab le  lower bound o f  about 97 

percent would be idea l .  

There i s  no d i r e c t  method t o  evaluate the e f f e c t  o f  permeabi l i ty  o f  

concrete t o  ch lo r ide  ions on pavement performance. There have been few 

reported instances o f  de te r io ra t lon  o f  CRCP due t o  corrosion o f  r e i n f o r c i ng  

s tee l  caused by de ic ing sa l t s .  However, i n  these instances, s a l t  so lu t ions 

penetrated through cracks which normally form i n  CRCP down t o  the l eve l  o f  the 

steel ,  and not  through the concrete i t s e l f .  While resu l t s  o f  the present 

study show t h a t  poor consol idat ion can g rea t l y  increase permeabi l i ty  o f  the 

concrete, i t  i s  l i k e l y  t h a t  penetrat ion through open cracks would s t i l l  be 

greater than penetration through even a poor ly consolidated concrete, and 

corrosion would s t i l l  be i n i t i a t e d  a t  the cracks. I t  i s  possib le t h a t  poor 

consol idat ion around re i n fo r c i ng  bars would accelerate the l a t e r a l  penetrat ion 

o f  s a l t s  once the s a l t  had reached the s tee l  and thereby increase the r a t e  o f  

de te r i o ra t i on  o f  the s tee l  and, u l t imate ly ,  the over ly ing concrete. This 



Table 26. Inplace f l exura l  strength r e l a t i v e  t o  the destgn strength. 

Percent 
Consolidation 

f rd  = design f l exura l  strength 
f ,  = Inplace f l exura l  strength a t  x percent consolldation 
f r , l O O  = f l e x u r a l  strength a t  100 percent consolidatton 



Table 27. Projected servlce l i f e  f o r  d i f f e r e n t  values 
of f l e x u r a l  strength a t  100 percent consolidation. 

Percent Projected Service L i f e ,  Years 

Consolldation 
f r , l O O  ' f rd  f r , l O O  ' ' * l f r d  

frd = deslgn f l exura l  strength 
f r , ~ O O  = f l exura l  strength a t  100 percent consol lda t lon  



problem can only be approached qua l i  t a t i v e l  y; however, t o  the inves t iga to rs  

knowledge, there have been no con t ro l l ed  studies o f  such phenomena which would 

o f f e r  guidance as t o  r a t e  o f  progress o f  such de te r io ra t ion  and i t s  e f f e c t  on 

service l i f e  o f  CRCP. 

Results o f  the present study show t h a t  consol idat ion has only minor 

e f fec ts  on the resistance o f  concrete t o  f reez ing and thawing, provided the 

concrete i s  o f  good q u a l i t y  and proper ly a i r -entra ined.  I t  i s  possib le t h a t  

poor consol idat ion may have a greater impact on pavement d u r a b i l i t y  i n  actual  

pavements 

I n  the presence o f  t r a f f i c  loading. 

c. Summary 

As discussed I n  the preceding sections, methods e x i s t  t o  r e l a t e  the e f f e c t  

of  degree o f  consol idat ion t o  pavement serv ice l i f e  based on only the strength 

character is t ics .  Thus, i n  the development o f  acceptance plans f o r  concrete 

consol idat ion, only the e f f e c t  o f  consol idat ion on strength and thereby on 

expected pavement serv ice l i f e  i s  considered. I t  i s  assumed t h a t  t f  the  

strength-based acceptance c r i t e r i a  are  sa t i s f i ed ,  then there w i l l  be 
suf f W e n t  assurance t ha t  the other charac te r i s t i cs  such as s t ee lhonc re te  

bond strength and permeability t o  ch lo r ide  ions would be acceptable. 

3. Development,of Acceptance Plan, Based on Consol idat ion 

The deveiopment o f  an acceptance plan requires considerat ion o f  a t  l eas t  

the fo l l ow ing  items: 

Risks involved f o r  the buyer and the se l l e r .  

Q u a l i t y  l eve ls  - the acceptable q u a l i t y  l e ve l  (AQL) and the 

re jec tab le  qua11 t y  l eve l  (RQL) . 
Operating charac te r i s t i c  curves. 

t o t  s ize  and sample size. 

a. considerat ion o f  Buyer's and Se l l e r ' s  Risks 

When a. sampling plan i s  used, a decis ion has t o  be made t o  accept o r  

r e j e c t  the mater ia l  I n  Two types o f  r i s k s  are involved w i t h  each 

decision. These r i s k s  are usual ly  termed the buyer's r i s k  and the s e l l e r ' s  

r i s k .  The buyer's r i s k ,  denoted as 0, i s  the r i s k  o f  er.roneously accepttng 

unsatisfactory mater ia l .  The s e l l e r ' s  r i s k ,  denoted as a, i s  the r i s k  o f  

erroneously r e j ec t i ng  sa t i s fac to ry  mater ia l .  The values general ly  selected 

99 



f o r  oc and 0 are based on the c r i t i c a l i t y  o f  the mater ia l  o r  process t o  the 

f i n a l  performance o f  the product, the product beinq the concrete pavement i n  

our case. The fo l l ow ing  are  h i s t o r i c a l l y  recommended r i s k  leve ls  f o r  

d i f f e r e n t  leve ls  o f  c r i t i c a l i t y .  

C lass i f i ca t i on  S e l l e r ' s  Risk Buyer's Risk 
o f  C r i t i c a l i t y  (a) 0 
C r i t i c a l  
Major 
M i  nor 
Contractual 

Uninterrupted use o f  highway f a c i l i t i e s  i s  considered t o  be o f  prime 

concern t o  highway agencies. Therefore, any element o f  the construct ion 

process t h a t  d i r e c t l y  a f f ec t s  pavement performance should be considered as a 

major item. As already discussed, concrete consol idat ion can have a 

s i g n i f i c a n t  e f f e c t  on pavement performance. 

Therefore, concrete consol idat ion i s  considered a major item. For the 

purpose o f  development o f  the model acceptance sampling plans, the fo l l ow ing  

r i s k s  were selected: 

Buyer's r i s k  (8)  = 5 percent 

Se l l e r ' s  r i s k  (a) = 5 percent 

The above r i s k  leve ls  are comonly used i n  highway construct ion. 

b. Acceptance Plan f o r  Inspect ion by Variables 

Acceptance plans f o r  inspect ion by var iables are used when the 

charac te r i s t i cs  o f  the product being inspected can be measured. Variable 

plans are  more s t a t i s t i c a l l y  e f f i c i e n t  than a t t r i b u t e  plans and provide 

greater  d iscr lmlnat ing power f o r  a given sample size. A var iab le  p lan 

requires computation o f  the mean and the standard dev ia t ion f o r  a given l o t  

and requires se lec t ion o f  a sample s ize  per l o t .  

I n  developing a var iab le  acceptance plan f o r  concrete consol idatton, 

procedures ou t l i ned  i n  the 'Interim Recommended Pract lce  f o r  Acceptance 

Sampling Plans f o r  Highway Construction (AASHTO Deslgnation: R9-85)", were 

followed. (55) The use o f  a var iab le  acceptance plan requtres t ha t  the 

populat ion being sampled i s  normally d ts t r l bu ted .  Data on denst t ies o f  

concrete i n  highway paving ind ica te  t h a t  the assumption o f  normal i ty  o f  

densi ty  measurements i s  reasonably va l id .  



(1 )  Desi rable Acceptance Values f o r  Degree o f  Consol idat ion. The 

des i rab le  acceptance values (DAV) were ca l cu la ted  f o r  the  f o l l o w i n g  cond i t ions :  

S e l l e r ' s  r i s k ,  a = 5  percent 

Mean values o f  degree o f  conso l i da t i on  a t t a i n a b l e  on w e l l  constructed 

pro jec ts ,  X = 100, 99, 98 percent 

Standard d e v i a t i o n  o f  the  popu la t ion  o f  measurements o f  t h e  degree o f  

consol idat ion,  6 = 1.0, 1.5, 2.0 percent 

Sample s i z e  (number o f  t e s t s )  per l o t  = 5, 10 

The des i rab le  acceptance values (DAV) a r e  g iven I n  t a b l e  28. The 

des i rab le  acceptance value i s  t he  value below which on ly  OL percent  o f  data 

po in t s  a r e  expected t o  f a l l .  I f  i t  i s  assumed tha t ,  on w e l l  c o n t r o l l e d  

p r o j e c t s  i t  i s  reasonable t o  expect 98 percent  conso l i da t i on  as t h e  popu la t ion  

mean and a  popu la t ion  standard dev ia t l on  o f  1.5 percent, then the  DAV would 

equal 96.9 and 97.2 percent f o r  sample s izes o f  5  and 10, respec t i ve l y .  I f  

the  DAV o f  96.9 were t o  be considered the  lower l i m l t  value f o r  acceptance 

based on sample s i z e  o f  5, then based on t a b l e  27 i t  can be s ta ted  t h a t  95 

percent o f  t he  pavement would probably have a  se rv i ce  l i f e  a t  l e a s t  13.0 years 

for f r , l O O  = frd o r  a t  l e a s t  18.0 years f o r  frtlO0 = 1  .l frd. 

S u f f i c i e n t  data a re  n o t  a v a i l a b l e  from f i e l d  p r o j e c t s  t o  enable r e l i a b l e  

es t imat ion  f o r  t he  popu la t ion  mean, X, and the  popu la t ion  standard dev ia t ion ,  

d. Also, i n  many instances when dens i t y  data a r e  ava i l ab le ,  reference u n i t  

weights a r e  no t  ava i l ab le .  Thus, i n  such cases i t  i s  n o t  poss ib le  t o  

c a l c u l a t e  the  degree o f  consol idat ion.  However, t he  l i m i t e d  data t h a t  a re  

ava i lab le ,  such as presented i n  t a b l e  12 o f  t h i s  repor t ,  i n d i c a t e  tha t ,  on 

w e l l  constructed p r o j e c t s  i t  i s  poss ib le  t o  achieve a  mean degree o f  

conso l ida t ion  o f  a t  l e a s t  98 percent o f  t he  rodded u n i t  weight. Table 12 a l s o  

i nd i ca tes  t h a t  t he  average o v e r a l l  standard d e v i a t i o n  obtained when 
3  conso l i da t i on  i s  measured us ing a  nuclear gauge isabout  2.0 pc f  (32 kg/m ) 

o r  about 1.4 percent o f  t he  rodded ( reference)  u n i t  weight.  

I n  p rac t ice ,  an est imate o f  t he  popu la t ion  mean can be obtained by 

averaging the  mean o f  the  degree o f  conso l i da t i on  measured from several 

p ro jec ts .  S i m i l a r l y ,  a  r e l i a b l e  esttmate o f  t he  popu la t ion  standard d e v i a t i o n  

can be obtained by c a l c u l a t i n g  the  pooled standard d e v i a t i o n  f rom data obtained 

from several p ro jec ts .  The pooled standard dev ta t i on  i s  computed as fo l l ows :  



Table 28. Oertrable acceptance values f o r  degree of  consol lda t ion .  

Samp 1 e P 

S ize  (n) a,% x,% DAV 

5 1 .0  100 99.3 
99 98.3 
98 97.3 

Notes: a population mean 
a = p ~ p u l a t l o n  standard devtat ion.  
DAV = desirable acceptance value 



where: s = pooled standard dev ia t ion (unbiased estimate o f  %)' 
P 

si = standard dev ia t ion a t  p ro j ec t  1 having a sample s i ze  ni 

k = t o t a l  number o f  pro jec ts  

For the purpose o f  development o f  a model sampling plan based on 

consoltdat ion, the fo l l ow ing  c r i t e r i a  are  used: 

Achievable standard dev ia t ion f o r  the populat ion o f  degree o f  

consol idat ion measurements = 1.5 percent 

Lower l i m i t  f o r  acceptance o f  degree o f  consol idat ion measurements 

= 97 percent. 

(2) Operating Character is t ic  Cutves. Operating charac te r i s t i c  (OC) curves 

were developed f o r  acceptable q u a l i t y  l e ve l  (AQL) o f  10 percent de fec tbe .  

The AQL i s  t ha t  l e ve l  o f  l o t  percent defec t ive  a t  o r  below which the work i s  

considered t o  be completely acceptable. These OC curves were selected t o  

ensure t h a t  the s e l l e r ' s  r i s k  was about 5 percent. Thus, the p r o b a b i l i t y  o f  

accepting a l o t  w i t h  an AQL o f  10 percent i s  95 percent. 

Operating charac te r i s t i c  curves f o r  sample sizes o f  5, 10, and 15 are  

shown i n  f i g u r e  26 f o r  the informat ion given i n  t ab l e  29 obtained from 

reference 55. Use o f  OC curves requlres knowledge o f  the q u a l i t y  index, QL, 

and the acceptance constant, k. The re la t ionsh ip  between QL and k i s  given 

below: s 

where: ii = sample mean 
S = sample standard dev ia t ion 
L = lower spec i f i ca t ion  l i m i t  outs ide o f  which the mater ia l  i s  def ined 

t o  be defect lve.  

The three OC curves shown i n  f i g u r e  26 s a t i s f y  the requirement t h a t  the 

p robab i l i t y  o f  accepting a l o t  t h a t  i s  10 percent defec t lve  (AQL) i s  95 

percent. The primary d i f fe rence  i n  the three curves i s  t h a t  as the sample 

stag i s  reduced, the p robab i l i t y  o f  accepting a defec t lve  l o t  increases. 

Thus, i f  the re jec tab le  q u a l i t y  l e ve l  (RQL) o f  percent l o t  defec t ive  was set  
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Figure 26. Operating characteristic curves. 



Table 29. Operating c h a r a c t e r i s t i c  curve data ( f rom r e f .  55) 

P r o b a b i l i t y  o f  Acceptance 
Lot  Percent 

Defect i ve n = 5  n  = 10 n  = 15 
k = 0.51 k = 0.72 k = 0.81 

k = minimum value o f  q u a l i t y  index. QL, f o r  t he  lower s p e c l f i c a t l o n  
1  i m i  t 

QL = q u a l i t y  index f o r  t he  lower s p e c i f i c a t i o n  l i m i t  

X = sample mean 

S = sample standard dev ia t i on  
L = lower s p e c i f i c a t i o n  l i m i t  ou ts ide  o f  which the  ma te r ia l  i s  de f ined t o  

be de fec t i ve  



a t  50 percent, then the p robab i l i t y  o f  accepting a t  RQL would be 16, 2, and 0 

percent, respect ively,  f o r  sample sizes o f  5, 10, and 15. I f  the p robab l l i t y  

o f  accepting a t  the l eve l  RQL i s  t o  be as low as possible, a sampling plan 

using a sample s lze  o f  10 would be regarded as sat is fac tory .  I f  the 

p r o b a b i l i t y  o f  accepting a t  the RQL l eve l  i s  se t  a t  5 percent, then a sampling 

plan using a sample s l ze  o f  8 would be regarded as sat is fac tory .  The OC curve 

f o r  a sample s ize  o f  8 i s  s im i l a r  t o  t h a t  f o r  sample s ize  o f  10. 

When sample s ize  o f  8 i s  used, the fo l l ow ing  cond i t ion  would need t o  be 

sa t i s f i ed .  

The app l i ca t ion  o f  a sampling plan t o  inspect ion o f  consol idat ion can now 

be considered. For the model acceptance plan, the lower l i m i t  f o r  acceptance 

o f  degree o f  consol idat ion i s  establ ished a t  97 percent. Then, i f  a sample 

s i ze  o f  8 i s  used w i t h  a corresponding k value o f  0.66, the fo l l ow ing  sample 

mean would be required as a mjnimum f o r  the l o t  t o  be considered acceptable: 

Sample Standard Sample Mean, 1, 
Deviation, S, percent percent 

1.0 97.7 
1.5 98.0 
2.0 98.3 

The maximum al lowable estimated percent l o t  defect ive, M, associated w i t h  

sample s l ze  o f  8 and k o f  0.66, i s  26. 

4. Model Acceptance Plan 

The model acceptance plan presented i n  t h i s  sect ion i s  app l icab le  when use 

i s  made o f  por tab le  nuclear densi ty  gauges. Discussion o f  the app l i ca t ion  o f  

the CMD t o  evaluat ion o f  the degree o f  consol idat ion i s  given i n  sect ion 6. 

The model acceptance p lan f o r  degree o f  consol idat ion i s  based on = 0 = 

0.05 and can be stated as fo l lows:  

Take n = 8 randomly located measurements t o  determine the degree o f  
concrete consol idat ion. Compute the sample mean, R, and the sample 
standard deviat ion, S. Then, use X and S t o  compute the q u a l i t y  index, 
QL, as fo l lows:  



For the l o t  t o  be judged acceptable, QL should be equal t o  o r  greater 
than k = 0.66. 

A lower l i m i t  f o r  the degree o f  consol idat ion o f  97 percent was used f o r  

the model plan. This lower l i m i t  f o r  the degree of  consol idat ion should be as 

high as i s  achievable i n  the f i e l d .  It i s  expected t ha t  as more experience i s  

gained w i t h  acceptance sampling based on degree o f  consol idat ion, a be t t e r  

estimate f o r  the lower l i m i t  would be establ ished. 

I t  should be nqted t h a t  although AQL i s  considered t o  be 10 percent 

defect ive, the acceptance procedure must a l l ow the sample estimate o f  percent 

defec t ive  t o  be as la rge as M = 26. This allowance takes i n t o  account 

sampling v a r i a b i l i t y .  Thus, when the l o t  i s  t r u l y  10 percent defect ive,  there 

I s  s t i l l  a p robab i l i t y  o f  5 percent t ha t  the estimated percent defec t ive  w i l l  

be equal t o  o r  greater than 26. 

a. Lot Size 

An essent ia l  requirement i n  se lec t ing the l o t  s ize  i s  t ha t  i t  represents 

un i formi ty  i n  terms o f  source o f  concrete and the  placement procedure used. 

With respect t o  se lec t ing a l o t  s ize  f o r  performing densi ty tests,  the l o t  

s ize  should be such t h a t  the required number o f  tes ts  can be performed wi thout  

d i s rup t ing  the concrete placement o r  f i n i s h i n g  operations. 

Assuming t ha t  a s ing le  reading w i t h  a 1-min time per iod i s  used w i t h  the 

nuclear densi ty  gauge and t h a t  another f i v e  minutes are required f o r  setup and 

cleanup, then the minimum l o t  s ize  f o r  a sample s i ze  o f  8 i s  obtatned as 

fo l lows:  

Paver Speed, f t /m in  (m/min) Lot Size ( length) ,  f t  (m) 

A width o f  paving of  24 f t  (7.3 m) i s  assumed. The l o t  s i ze  ( length)  can 

o f  course be decreased i f  more than one nuclear gauge i s  used. However, t h i s  

would also. r e s u l t  i n  increased t es t i ng  costs. As more experience i s  obtained 

i n  the f i e l d  f o r  . rout ine use. o f  nuclear gauges, the l o t  s ize  can be 

appropr iate ly selected such t h a t  the t es t i ng  poses no delays t o  the paving 
t operation. 



b. Test Locat ions 

The e i g h t  t e s t  l oca t i ons  per l o t  should be selected randomly. A s imple 

method t o  do so i s  t o  d i v i d e  the  l o t  i n t o  8 sublots .  The t e s t  would then be 

performed a t  a randomly located p o i n t  a t  mid length o f  t he  sub lo t .  The t e s t  

p o i n t  i s  randomly selected by d i v i d i n g  the  paving w id th  i n  1 - f t  (0.3 m) 

increments n o t  count ing t h e  1 - f t  (0.3 m) w id th  a t  each edge. These increments 

a r e  numbered sequen t ia l l y  s t a r t i n g  w i t h  1 from the  f i r s t  increment near the  

shoulder (ou ts ide)  edge. Thus, f o r  a 2 4 - f t  (7.3 m) paving width, there  w i l l  

be 22 increments. Then, a random number generator ( c a l c u l a t o r  o r  t abu la r )  i s  

used t o  s e l e c t  the  increment number f o r  the  t e s t  loca t ion .  The o u t l i n e d  

procedure a l lows forward progress a t  a un i fo rm ra te .  However, any o ther  

s t a t i s t i c a l l y  r e l i a b l e  procedure can be used f o r  se lec t i ng  t e s t  l oca t i ons .  

c. Retes t ing  

For t h e  model acceptance plan, i t  i s  suggested t h a t  r e t e s t i n g  be permi t ted  

when t h e  l o t  i s  considered as no t  being acceptable. Retest ing c o n s t i t u t e s  a 

sequent ia l  acceptance scheme w i t h  a l a rge r  (double) sample s ize.  Thus, a 

d i f f e r e n t  acceptance constant, k, would need t o  be es tab l ished t o  ensure t h a t  

t h e  p r o b a b i l i t y  o f  acceptance a t  AQL and RQL a re  acceptable. 

For t h e  model p lan  presented based on sample s i z e  o f  8 and AQL o f  10 

percent  de fec t ive ,  approximately 5 percent o f  t h e  l o t s  would be found 

unacceptable when degree o f  concrete conso l i da t i on  i s  a t  AQL (presumed t o  be 

acceptable).  These 5 percent o f  t he  l o t s  can be re tes ted  before a f i n a l  

dec i s ion  i s  made regarding acceptance. The 5 percent r e t e s t i n g  r a t e  when the  

conso l i da t i on  i s  presumed t o  be acceptable i s  n o t  considered ob jec t ionab le .  

I f  r e t e s t i n g  does incorpora te  data from the  i n i t i a l  ser ies  o f  t es t s ,  then 

f o r  t h e  sample s i z e  o f  16, t he  minimum acceptance constant,  k, requ i red  would 

be 1.13. Then the  f o l l o w i n g  cond i t i on  would need t o  be s a t i s f i e d :  

where: X = mean f o r  sample s i z e  o f  16 

S = standard du ra t i on  f o r  sample s i z e  16 

d. Test Procedure 

It i s  recommended t h a t  dens i ty  measurement be performed according t o  ASTM 

Designation: C1040-85 (Standard Test Methods f o r  Density o f  Unhardened and 

Hardened Concrete i n  Place by Nuclear Methods). The ASTM procedure 
108 



incorporates two t e s t  methods: Method A i s  f o r  d i r e c t  t ransmiss ion 

measurements and Method B i s  f o r  backscat ter  measurements. Both methods 

requ i re  au tomat ica l l y  t imed readings f o r  a per iod  o f  1 min. The dens i t y  t s  

then obtained by us ing the  adjusted c a l i b r a t i o n  curve o r  by us ing the  

unadjusted c a l i b r a t i o n  curve and then app ly ing  the  c a l i b r a t i o n  adjustment 

f ac to r .  

For each l o t  being tested, a t e s t  should be performed t o  determine the  

reference u n i t  weight a t  100 percent conso l ida t ion .  The reference u n i t  weight 

can be determined us ing the  procedures o f  ASTM Designation: C 138 (Standard 

Test Method f o r  U n i t  Weight, Y ie ld,  and A i r  Content (Gravimetr ic)  o f  

Concrete). The procedure a l lows use o f  rodding o r  i n t e r n a l  v i b r a t i o n  f o r  

conso l ida t ing  concrete having a slump o f  1 t o  3 inches (25 t o  75 mm). Care 

should be exercised dur ing  conso l i da t i on  t o  ensure t h a t  concrete i s  f u l l y  (100 

percent) consol idated. 

The degree o f  conso l i da t i on  i s  then determined simply by d i v i d i n g  the  

measured dens i t y  by the  reference u n i t  weight. 

e. Cor rec t ive  Measures 

When a l o t  i s  considered as being n o t  acceptable, then e f f o r t  should be 

made t o  i d e n t i f y  the  cause o f  t he  problem. I f  the  concrete i s  found t o  be 

underconsolidated i n  l o c a l i z e d  areas, then hand-held v i b r a t o r s  may be used t o  

adequately conso l ida te  the  concrete. I f  underconsol idat ion i s  found t o  be 

widespread, then the  paving should be stopped u n t i l  measures a re  taken t o  

c o r r e c t  t he  problem r e s u l t i n g  i n  underconsol idat ion o f  concrete. 

Rev ibra t ion  can be c a r r i e d  ou t  success fu l l y  up t o  about 4 hours from the  

t ime o f  mixing. (56)  Ac tua l ly ,  r e v i b r a t i o n  a t  1 t o  2 hours a f t e r  placement 

may a l s o  r e s u l t  i n  an fncrease i n  the  28-day compressive and f l e x u r a l  

s t rengths.  

f .  Pavement Type Considerat ion 

No d i s t i n c t i o n  I s  made i n  the  model acceptance p lan  f o r  t he  d i f f e r e n t  

pavement types. The requirement o f  acceptable degree o f  conso l i da t i on  i s  

considered equa l ly  app l i cab le  t o  j o i n t e d  p l a i n ,  j o i n t e d  re in fo rced,  and 

cont inuously  re in fo rced  concrete pavements. 



5. Adjusted Pay Schedules 

Adjusted pay schedules a r e  o f t e n  used i n  highway cons t ruc t i on  t o  enable 

acceptance o f  a product  t h a t  i s  on ly  s l i g h t l y  d e f i c i e n t ,  bu t  a t  a reduced 

payment. A cons t ruc t i on  i t e m  t h a t  f a l l s  j u s t  sho r t  o f  t h e  s p e c i f i e d  q u a l i t y  

l e v e l  does n o t  warrant  r e j e c t i o n  b u t  n e i t h e r  does i t  deserve 100 percent  

payment. (52)  There a re  b a s i c a l l y  two types o f  pay schedules, stepped and 

cont inuous. De ta i l ed  d iscussions o f  development o f  pay schedules a r e  g iven  i n  

references 51, 52, 54, and 57. 

Development o f  a pay schedule requ i res  establ ishment o f  t h e  acceptable 

q u a l i t y  l e v e l  (AQL) and t h e  r e j e c t a b l e  q u a l i t y  l e v e l  (RQL). For development 

o f  an acceptance p l a n  based on degree o f  concrete conso l ida t ion ,  AQL i s  se t  a t  

10 percent  d e f e c t i v e  and RQL i s  s e t  a t  50 percent  de fec t i ve .  Then, payment 

f o r  m a t e r i a l  supp l ied  w i t h  percent  d e f e c t i v e  l ess  than o r  equal t o  AQL i s  

u s u a l l y  a t  100 percent  o f  t h e  u n i t  p r i ce .  Payment f o r  m a t e r i a l  w i t h  percent  

d e f e c t i v e  a t  t h e  RQL i s  u s u a l l y  between 40 and 60 percent  o f  t h e  u n i t  p r i ce .  

However, any l o t  w i t h  percent  d e f e c t i v e  g rea te r  than RQL may be considered 

unacceptable and may be requ i red  t o  be removed and replaced a t  t h e  expense o f  

t h e  con t rac to r .  

The f o l l o w i n g  d iscuss ion  i s  based on use o f  a continuous pay schedule 

because i t  i s  l ess  ambiguous than a stepped pay schedule. A cont inuous pay 

schedule can be de f ined  as fo l l ows :  

where: PF = percent  pay f a c t o r  f o r  percent  d e f e c t i v e  equal t o  PD. 

AQL = acceptable q u a l i t y  l e v e l .  

RQL = r e j e c t a b l e  q u a l i t y  l e v e l .  

P I  = percent  pay f a c t o r  a t  AQL. 

P2 = percent  pay f a c t o r  a t  RQL. 

For AQL = 10 percent,  RQL = 50 percent,  PI = 100 percent,  and P2 = 50 

percent,  equat ion 18 reduces t o  

PF = 110 - 1.25 PO (19) 

The above pay schedule prov ides f o r  payment o f  110 percent  o f  t he  u n i t  

p r i c e  when t h e  percent  d e f e c t i v e  i s  measured t o  be zero and f o r  payment o f  100 



percent f o r  percent d e f e c t i v e  equal t o  AQL. However, a problem e x i s t s  w i t h  

t h i s  type o f  a pay schedule: t he  cont rac tor  who c o n s i s t e n t l y  produces a t  AQL 

would s t i l l  have t h e  m a t e r i a l  re jec ted  5 percent o f  t he  t ime and thus q u a l i f y  

f o r  f u l l  payment on l y  95 percent o f  t h e  t ime. However, f o r  t h e  purpose o f  the  

model acceptance plan, equat ion 18 i s  considered app l icab le .  The pay schedule 

determined based on equat lon 18 i s  as fo l lows:  

Percent Defec t lve  Pay Factor (percent  1 

0 110.0 
10 (AQL) 100.0 
20 85.0 
30 72.5 
40 60.0 

>>50 (RQL) 50.0 
A pay f a c t o r  above 100 percent can be used t o  establish c r e d i t  t o  o f f s e t  

pay f a c t o r s  l ess  than 100 percent f o r  l o t s  placed t h a t  day. However, under 

t h i s  p rov is ion ,  t he  t o t a l  payment f o r  any b i l l i n g  per iod  would n o t  exceed 100 

percent.  

The percent d e f e c t i v e  f o r  a g iven sample s i z e  can be est imated us ing the  

procedure described i n  reference 55. The percent d e f e c t i v e  i s  associated w i t h  

the  QL s t a t i s t i c  which i s  determined according t o  equat ion 15 o r  equat ion 17. 

The est imated percent d e f e c t i v e  f o r  a sample s i z e  8 and corresponding t o  a 

g iven QL i s  g iven i n  t a b l e  30. The pay schedule based on QL i s  g iven i n  

t a b l e  31. I t  i s  seen from t a b l e  31 t h a t  t o  q u a l i f y  f o r  100 percent  payment, 
- 

the  sample mean, X, f o r  degree o f  conso l i da t i on  f o r  the  l o t  should be equal t o  

98.9 when a lower s p e c i f i c a t i o n  l i m i t  f o r  degree o f  conso l i da t i on  o f  97 

percent i s  used. 

6. App l i ca t i on  o f  t he  Consol idat ion Mon i to r ing  Device (CMD) 

The consolidation moni to r ing  device (CMD) i s  a nuclear backscat ter  device 

which cont inuously  and automat ica l l y  monitors the  degree o f  conso l i da t i on  o f  

p l a s t i c  concrete. D e t a i l s  o f  t h e  CMD are  presented i n  sec t ion  4 o f  t h i s  

repor t .  Since the  CMD i s  cons tant ly  moving over t he  pavement, i t  provides an 

average reading o f  t he  dens i t y  over a l a rge  volume o f  concrete. The CMD 

c u r r e n t l y  prov ides the  dens i t y  i n fo rma t ion  f n  the  form o f  a s t r i p  c h a r t  f rom 
3 which dens i t i es  can be read t o  the  nearest 0.5 pc f  ( 8  kg/m ) .  

There a re  two poss ib le  ways t o  make use o f  t h e  CMD device i n  determin ing 

the  a c c e p t a b i l i t y  o f  concrete conso l ida t ion .  The CMD can be used p r i m a r i l y  t o  



Table 30. Estimated percent defect lve  f o r  sample s ize ,  N=8 



Table 31. Pay schedule based on QL 

Pay Factor, 

Percent 

Requi red Required Sample 

Mean, X, Percent 

100 (AQL) 
85 
72.5 
60 
50 (RQL) 

- 
Notes : 1. Required sample mean, X, f o r  degree o f  conso l i da t i on  i s  

computed us ing equat ion 17 w i t h  a lower s p e c i f i c a t i o n  l i m i t  
on degree o f  conso l ida t ion  o f  97 percent and assuming a 
sample standard d e v i a t i o n  o f  1.5 percent.  

2. Required QL i s  obtained from t a b l e  29. 

moni tor  conso l i da t i on  o r  3 t  can be used d i r e c t l y  as p a r t  o f  t h e  acceptance 

sampling plan. 

a. CHD as a Mon i to r ing  Device 

The CHD can be used p r i m a r i l y  as a device t o  moni tor  concrete 

consol idat ion.  I n  t h i s  case a benchmark ( l o w e r - l l m i t )  value o f  degree o f  

conso l ida t ion  (dens i ty )  i s  establ ished, such as 97 percent degree o f  

conso l ida t ion .  The benchmark value i s  i d e n t i f i e d  on the  s t r i p  char t .  When 

more than 5 percent o f  t he  readings f a l l  below the  benchmark l eve l ,  the  

con t rac to r  i s  n o t i f  l e d  and requested t o  make appropr ia te  changes i n  h i s  paving 

operat ion t o  ensure compliance w i t h  the  requirements o f  conso l ida t ion .  

b. CMD f o r  Acceptance Sampling 

The CMD can a l s o  be used d i r e c t l y  f o r  acceptance sampling o f  concrete 

conso l ida t ion .  However, t o  make e f f i c i e n t  use o f  the  CHD, i t  would be 

essen t i a l  t h a t  a d i g i t i z e d  form o f  the  dens i t y  i n fo rma t ion  a l s o  be ava i l ab le ,  

poss ib ly  on the  bas is  o f  a t ime i n t e r v a l ,  and t h a t  a c a p a b t l i t y  e x i s t  t o  

au tomat ica l l y  p rov ide  t h e  mean and the  standard d e v i a t i o n  f o r  a group o f  t he  

d i g i t i z e d  readings. Then, a procedure f o r  acceptance sampling s i m i l a r  t o  t h a t  



descr ibed i n  s e c t i o n  5 can be used. Wi th t he  CMDgs a b i l i t y  t o  sample a t  h igh  

frequencies, t he re  i s  g rea te r  f l e x i b l l i t y  i n  e s t a b l i s h i n g  t h e  sample s i z e  

and/or t h e  l o t  s i z e  and t h e  s e l l e r ' s  r i s k  (a) can be g r e a t l y  reduced w h l l e  

ma in ta in ing  t h e  same buyer 's  r i s k  (0 ) .  
As an example, assume t h a t  t h e  p r o b a b i l i t y  o f  accept ing a l o t  t h a t  i s  10 

percent  d e f e c t i v e  (AQL) i s  95 percent.  Then, t h e  minimum q u a l i t y  index, QL, 

requ i red  and t h e  achlevable RQL a t  p r o b a b i l i t y  o f  acceptance o f  about 5 

percent  f o r  d i f f e r e n t  sample s izes a re  as fo l l ows :  

Minimum 
Sample size, n 

--Q~- RQL, percent  -a P (RQL) 

P,(RQL) = p r o b a b i l i t y  o f  acceptance when percent  d e f e c t l v e  i s  
a t  RQL = 0 

I f  a lower l i m i t  f o r  acceptance o f  degree o f  conso l i da t i on  o f  97 percent  

i s  es tab l i shed and a sample standard d e v i a t i o n  o f  1.5 percent  i s  assumed f o r  

a l l  t h e  sample sizes, t h e  f o l l o w i n g  sample mean would be requ i red  f o r  a l o t  t o  

be considered acceptable: 

Minlmum 
Sample S ize  PL- Sample Mean,, X, percent  

20 0.88 98.3.. 
30 0.92 88.4 
50 0.99 98.5 

100 1.08 98.6 

An adjusted pay schedule can a l s o  be developed f o r  t he  d i f f e r e n t  sample 

s izes  us ing  the  procedures discussed i n  sec t i on  5. 

A g rea t  advantage o f  t he  CMD i s  t h a t  l o t  s i z e  can be as smal l  as can be 

handled a d m i n i s t r a t i v e l y  and f u l l  use would be made o f  a l l  t h e  digitized 

dens i t y  da ta  t h a t  i s  obtained. The r a t e  f o r  d i g i t i z i n g  can be r e l a t e d  t o  t he  

l o t  s ize,  so t h a t  t he  number o f  measurements d i g i t i z e d  per l o t  equal t he  

se lec ted  sample s ize .  



FIELD TRIALS OF CONSOLIDATION ACCEPTANCE PLAN 

The FHWA con t rac t  c a l l e d  f o r  f i e l d  t r i a l s  o f  t he  model acceptance p lan  f o r  

conso l ida t ion  a t  two s i t e s .  A t  one s i t e ,  use o f  a convent ional nuclear  gauge 

was proposed, a t  t he  other  s i t e ,  use o f  t he  CMD. During August 1986, t he  

f i r s t  f i e l d  t r i a l ,  us ing a convent ional nuclear  gauge, was c a r r j e d  ou t  a t  a 

s i t e  on I n t e r s t a t e  86 i n  Idaho. When a s u i t a b l e  f i e l d  t e s t  could n o t  be 

scheduled f o r  the  CMD dur ing  l a t e  1986/early 1987, i t s  t r i a l  was replaced w i t h  

a second convent ional gauge t e s t .  The second f i e l d  t r i a l  was c a r r l e d  ou t  i n  

Iowa i n  May 1987. 

1. F i e l d  T r i a l  i n  Idaho 

An 11-mile (19 km) sec t i on  o f  I n t e r s t a t e  86 i n  Idaho was constructed 

dur ing  the  summer o f  1986 between Raf t  River  and t h e  Rockland j u n c t i o n  west of 

American F a l l s .  The pavement design prepared by the  Idaho DOT requ i red  a 

10 i nch  (250 mm) t h i c k  p l a i n  concrete pavement t o  be placed over an e x i s t i n g  

asphal t  t r ea ted  base. The pavement was 38 f t  (11.6 m) wide and incorporated 

an 8.5- f t  (2.6-m) wide t i e d  ou ts ide  concrete shoulder and a 3 .5- f t  (1.1-m) 

wide i n s i d e  concrete shoulder. Jo in t s  were spaced a t  13, 15, 16, and 14 f t  

(4.0, 4.6, 4.9, and 4.3 m). A Guntert  and Zimmerman s l i p f o r m  paver was used 

t o  p lace the  38 f t  (11.6 m) w id th  o f  concrete. Spud v i b r a t o r s  on the  paver 

were spaced a t  18-inch (460 mn). An automatfc dowel bar i n s e r t e r  suppl ied by 

Gomaco was used t o  i n s e r t  1-1/4 i nch  (33 mm) diameter by 18-inch (460 mm) long 

dowel bars a t  12 i nch  (305 mm) i n t e r v a l s  t ransverse ly .  The i n s e r t e r  u n l t  

fo l lowed the  s l i p f o r m  paver. 

a. F i e l d  T r i a l  De ta i l s  

F i e l d  t r i a l  o f  t he  model acceptance p lan  was c a r r i e d  ou t  on August 27 and 

28, 1986, along the  westbound lanes o f  1-86. The f o l l o w i n g  items o f  work were 

accomplished: 

1. E igh t  l o t s  were tes ted  f o r  conso l ida t ion .  

2. The nuclear dens i t y  gauge was c a l i b r a t e d  f o r  the  concrete used a t  the  

p r o j e c t .  

3. A study was conducted t o  e s t a b l i s h  c o r r e l a t i o n  between d i r e c t  

t ransmiss ion and backscat ter  measurements. 

4. The p r a c t i c a l i t y  o f  conso l ida t ion  mon i to r ing  was evaluated. 



A nuclear densi ty  gauge (Model MC-1) manufactured by Campbell Pac i f i c  

Nuclear Corporation, Pacheco, Ca l i fo rn ia ,  was used. An Idaho DOT technic ian 

operated the gauge, general ly  fo l l ow ing  the procedures o f  ASTM Designation: 

C 1040 (Density o f  Unhardened and Hardened Concrete i n  Place by Nuclear 

Methods). 

The pavement t o  be tested was div ided i n t o  l o t s .  Eight  readings, as 

required by the proposed plan, were obtained per l o t .  Test locat ions were 

randomly selected across the width o f  the pavement and were spaced a t  about 

42 f t  (13 m) long i tud ina l l y .  A p la t form t ha t  was a  pa r t  o f  the Gomaco dowel 

i n se r t e r  u n i t  was used t o  f a c i l i t a t e  tes t ing.  The inser te r  u n i t  stopped a t  

every j o i n t  l oca t ion  and remained s ta t ionary  f o r  about 12 t o  13 seconds whi le  

the dowels were being inser ted i n t o  the p l a s t i c  concrete. A densi ty  t e s t  was 

conducted a t  every t h i r d  stop of  the i nse r t e r  un i t ,  about everyi42 f t  (13 m). 

A t e s t  i s  shown i n  progress i n  f i g u r e  27. For each tes t ,  the exact l oca t ion  

across the width o f  the pavement was selected using a  random number table.  

I n  order not  t o  d i s t u rb  the paving operation, d i r e c t  transmission readings 

were obtained using a  15-second count period. An 8-inch (200 mm) probe depth 

was used. The nuclear gauge was ca l ib ra ted  f o r  the 1-86 concrete using an 

18-inch (460 mn) square and 10-inch (250 mm) deep box. The small s i ze  box was 

used because of  the l i m i t a t i o n  o f  the weight scale i n  the f i e l d  (maximum o f  

350 l b  (160 kg)).  The c a l i b r a t i o n  t e s t  ind icated t h a t  a  co r rec t ion  fac to r  of  

1.026 should be appl ied t o  the manufacturer suppl ied c a l i b r a t i o n  tables.  

b. Test Results 

Results of  the consol idat ion monitor ing f o r  the e igh t  l o t s  tested from the 

dowel i n se r t e r  are given i n  t ab l e  32. Table 32 shows t ha t  the concrete f o r  

the e igh t  l o t s  tested was wel l-consol idated and met the acceptance c r i t e r i a  

f o r  the value o f  q u a l i t y  index, QL of 0.66. 

A second study was then conducted t o  determine the co r re l a t i on  between 

d i r e c t  transmission and backscatter measurements. Test s i t es  were located 

near the pavement edge, thus al lowing the technic ian t o  place the gauge whi le  

standing on the unpaved shoulder. The fo l l ow ing  measurements were made a t  

each t e s t  locat ion:  

1. D i rec t  Transmission - 8 inch (200 mm) depth probe. 

- 1 5  second count. 



Figure 27. Consolldatlon testing in progress - Idaho slte. 



Table 32. Results o f  f i e l d  t r i a l  - Idaho s i t e .  

Average Average 
Measured Reference Consol i-  Standard 

No. o f  Density, Density2, datl ion, Dev ia t ion  

Lots Tests pcf  l PC f % % 
9L3 

Notes: 1. kg/m3 = l b / f t 3  x 16.018 

2. Reference dens i t y  i s  average o f  rmdded u n l t  weight measured 
a t  the  t ime o f  concrete q u a l i t y  assurance t e s t i n g .  

3. QL = - 97 , 0.66 ( f o r  acceptance) 
S 

(Lower l i m i t  f o r  acceptance o f  conso l ida t ion  i s  97%) 



2. D i r e c t  t ransmiss ion - 8 i nch  ( 2 0 0 m )  probe depth. 

- 1 minute count. 

3. Backscatter - 15 second count. 

A t o t a l  o f  t h i r t y  (30) sets o f  measurements were made a long t h e  i n s i d e  

edge o f  t he  pavement. Test r e s u l t s  a re  g iven i n  t a b l e  33. A reasonably good 

c o r r e l a t i o n  i s  obtained between the  two types o f  t h e  d i r e c t  t ransmiss ion 

measurements. As expected, t he  backscat ter  measurements were genera l l y  h igher  

than the  d i r e c t  t ransmiss ion measurements. 

2. F i e l d  T r i a l  i n  Iowa 

A 9-mile (15.8 km) sec t ion  o f  U.S. 520 i n  Iowa was constructed du r ing  1987 

east  o f  C o a l v i l l e  near F o r t  Dodge. The pavement design prepared by t h e  Iowa 

DOT requ i red  a 9- inch (230 mm) t h i c k  p l a i n  concrete pavement t o  be placed over 

a 4-inch (100 m) t h i c k  s l ip formed lean concrete base. The concrete pavement 

was 24 f t  (7.3 m) wide and the  lean concrete base was 28 f t  (8.5 m) wide. 

Jo in t s  were un i fo rmly  spaced a t  20 f t  (6.1 m). Basket assemblies were used t o  

p lace  1-1/4 i nch  (32 m) diameter and 18-inch (460 m )  long dowel bars. 

Concrete was f i r s t  spread onto the  base us ing a side-dump spreader u n i t .  A 

C a t e r p i l l a r  SF-550 s l i p f o r m  paver then provided the  f i n i s h e d  surface. On t h i s  

p r o j e c t  supplementary v i b r a t i o n  was provided a t  dowel basket assemblies. This  

was done by a worker us ing a hand-held spud v i b r a t o r  and pos i t i oned  on a 

p l a t f o r m  on the  spreader u n i t .  

a. F i e l d  T r i a l  D e t a i l s  

F i e l d  t r i a l  o f  the  model acceptance p lan  was c a r r i e d  ou t  on May 7, 1987, 

a long the  eastbound lanes o f  U.S. 520. Paving was progressing west t o  east.  

To enable nuclear  gauge tes t i ng ,  t h e  con t rac to r  had provided an independent 

p l a t f o r m  (br idge)  u n i t .  The p l a t f o r m  u n i t  was 2 f t  (0.6 m) wide and about 

18 inches (460 mm) h igh  over t h e  f i n i s h e d  pavement surface. The p l a t f o r m  was 

n o t  powered and had t o  be p u l l e d  or  pushed. The p l a t f o r m  had been placed 

behind t h e  t i n l n g / c u r i n g  br idge, a l though i d e a l l y  i t  would have been placed 

between the  paver and the  t i n i n g / c u r i n g  br idge.  Because o f  t h e  p l a t f o r m ' s  

pos i t i on ,  i t  had t o  be moved back f requen t l y  t o  a l l o w  cu r ing  compound 

app l i ca t i on .  The whole process proved t o  be too  t ime consuming so a dec i s lon  

was made t o  on ly  use the  p l a t f o r m  t o  f a c i l i t a t e  Iowa DOT'S conso l i da t i on  

t e s t i n g  over dowel basket assemblies. As a r e s u l t ,  a p l a t f o r m  on the  paver 

was used f o r  conso l i da t i on  t e s t i n g  r e l a t e d  t o  t h e  acceptance plan. A 15-second 

119 



Table 33. Results of the correlation study - Idaho s i te .  

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 143.6 143.6 142.6 
14 146.5 146.2 144.5 
15 143.6 143.1 145.2 
16 142.6 142.6 140.9 
17  141.9 142.1 145.2 
18 143.4 143.6 146.7 
19 140.9 142.1 144.7 
20 143.4 143.1 147.2 
21 143.6 142.1 146.5 
22 142.6 140.9 143.1 
23 143.1 142.1 148.8 
24 140.4 141.4 146.7 
25 142.6 141.4 145.7 
26 141.1 141.9 144.5 
27 140.6 139.0 143.1 
28 140.4 140.6 140.8 
29 141.6 141.6 143.6 
30 142.4 142.6 ! 47.7 

Average 142.3 142.2 144.7 
St. Dev. 1.8 1.8 2.1 

Measured Density, pcf 
Direct Transmission 

15 sec. count 

139.5 
139.5 
142.1 
141.6 
140.9 
145.7 
140.4 
140.0 
141.1 
143.1 
145.2 
144.7 

Direct Transmission 
1 min. count 

139.0 
140.4 
141.6 
141.6 
142.4 
145.2 
139.5 
139.5 
142.9 
143.1 
144.7 
144.7 

Backscatter 
15 sec. count 

143.1 
146.5 
145.7 
144.7 
142.4 
144.2 
142.6 
343.1 
144.2 
142.1 
147.7 
147.7 



count was used f o r  each measurement. The gauge was placed i n  f r o n t  o f  t he  

p l a t f o r m  and was p icked up behind the  p l a t f o r m  as the  paver moved forward. 

There was no d i s r u p t i o n  t o  the  paving operat ion.  A view o f  t he  conso l i da t i on  

t e s t i n g  us ing the  independent p l a t f o r m  i s  shown i n  f i g u r e  28. 

A nuclear  dens1 t y  gauge (Model 3401 -8) manufactured by T rox le r  E lec t ron i c  

Laborator ies, Inc., Research T r iang le  Park, Nor th  Carol ina, was used. The 

gauge had been prev ious ly  c a l i b r a t e d  f o r  concrete t e s t i n g  by Iowa DOT. The 

procedures o f  ASTM Designation: C 1040 were genera l l y  fo l lowed.  

Because o f  t ime const ra in ts ,  on ly  f ou r  l o t s  were tested.  Thus, a  t o t a l  o f  

32 measurements were made. 

Test l oca t i ons  were spaced a t  about 2 0 - f t  ( 6  m) i n t e r v a l s .  Thus, a  l o t  

s i z e  equal led about 160 f t  (49 m). Test l oca t i ons  were randomly selected 

across the  w id th  o f  t he  pavement. An 8- inch (200 mm) probe depth was used. 

b. Test Results 

Results o f  t he  conso l ida t ion  mon i to r ing  f o r  t h e  fou r  l o t s  t es ted  a r e  g i v e n .  

i n  t a b l e  34. The t a b l e  shows t h a t  the  as-placed concrete was w e l l  

consol idated and met t he  acceptance c r i t e r i a  f o r  the  value o f  q u a l i t y  index, 

3. Discussion o f  F i e l d  T r i a l s  

Some o f  t he  h i g h l i g h t s  o f  t he  f i e l d  t r i a l s  a re  summartzed below: 

1. F i e l d  mon i to r ing  o f  concrete conso l i da t i on  i s  considered p r a c t i c a l ,  

and, i f  p rope r l y  planned, w i l l  no t  i n t e r f e r e  w i t h  the  c o n t r a c t o r ' s  

paving operat ion.  

2. I d e a l l y ,  a  separate p l a t f o r m  (b r i dge )  should be used t o  f a c i l i t a t e  

the  conso l ida t ion  tes t i ng .  The deck o f  t he  p l a t f o r m  should be low 

enough t o  f a c i l i t a t e  repeated placement o f  the  "heavyN nuclear  gauge 

on the  pavement surface. On la rge  paving p ro jec ts ,  such a  p l a t f o r m  

i s  maintained by the  cont rac tor .  

3. Pavement t o  be tes ted  should be p l a i n  concrete w i t h  a  low-slump. 

4. Lo t  s i z e  can be adjusted i n  t h e  f i e l d  t o  correspond w i t h  the  speed o f  

paving. 

5. Frequent t e s t s  should be conducted t o  ob ta in  the  reference u n i t  

weight o f  t he  p l a s t i c  concrete. I n  add i t i on ,  a  c a r e f u l l y  c o n t r o l l e d  

c a l i b r a t i o n  check should be made f o r  each nuclear  gauge using the  



Figure 28. Consolidation testing in progress - Iowa site. 



Table 34. Results o f  f i e l d  t r i a l  - Iowa s i t e .  

Average Average 
Measured Reference Consol 1- Standard 

N o . o f  Density, ~ e n s l t y z ,  dat lon,  Dev ia t ion  
Lots Tests 

3 
p c f l  pcf % % QL 

Notes: 1. kg/m3 = l b / f t 3  x 16.018 

2 . ' -  Reference dens i ty  i s  average o f  rodded u n i t  weight measured 
a t  t he  t ime o f  concrete q u a l i t y  assurance t e s t i n g .  

3. Q L =  - 97 > 0.66 ( f o r  acceptance) S - 
(Lower l i m i t  f a r  acceptance o f  conso l i da t i on  i s  97%) 



p r o j e c t  concrete a t  t he  s t a r t  o f  t he  paving p r o j e c t  f o l l o w i n g  the  

procedures o f  ASTM Designation: C 1040. The weight scales used i n  

the  f i e l d  should be f requen t l y  ca l i b ra ted .  

4. Cost/Benefi t  Considerat ions 
C, 

As demonstrated i n  t h e  Idaho and Iowa f i e l d  t r i a l s ,  the  cos t  o f  

conso l i da t i on  mon i to r ing  i s  no t  high. On la rge  paving pro jec ts ,  a  con t rac to r  

can prov ide  a  separate p l a t f o r m  (br idge)  t o  f a c i l i t a t e  conso l i da t i on  t e s t i n g .  

As discussed i n  the  nex t  sect ion,  t he  conso l l da t i on  t e s t l n g  can be c a r r i e d  ou t  

i n t e r m i t t e n t l y - - f o r  one o r  two days a t  the  s t a r t  o f  t he  p r o j e c t  and 

p e r i o d i c a l l y  af terwards and then whenever changes a r e  made i n  the  paving 

opera t ion  o r  equipment. Thus, t he  cos t  o f  p rov id ing  t h e  p l a t f o r m  would be 

minimal. 

A major cos t  o f  conso l i da t i on  t e s t i n g  i s  t h e  labor  cos t  which i s  est imated 

a t  $300 per technician day. A l i censed techn ic ian  i s  requ i red  t o  perform the  

tes t i ng .  Wi th advance planning, a  q u a l i f i e d  techn ic ian  can be made a v a i l a b l e  

a t  a  p r o j e c t  s i t e  a t  t he  s t a r t  o f  the  paving opera t ion  and as needed l a t e r  

on. The acceptance p lan  developed i s  simple t o  use and t o  i n t e r p r e t .  

Considering t h e  minimal cos t  f o r  conduct ing conso l ida t ion  tes t i ng ,  the  

r i s k  o f  n o t  ob ta in ing  adequate conso l i da t i on  i s  s i g n i f i c a n t .  As discussed 

e a r l i e r ,  poor conso l i da t i on  can r e s u l t  i n  lower s t rength  concrete and, 

there fore ,  reduced se rv i ce  l i f e .  

The f a c t  t h a t  conso l i da t i on  t e s t  r e s u l t s  a r e  imnediate ly  a v a i l a b l e  should 

be emphasized and, therefore,  any problems w i t h  concrete q u a l i t y  can be 

q u i c k l y  cor rec ted  w i t h  minimal losses i n  t ime and money. This i s  i n  con t ras t  

t o  s t reng th  t e s t s  on cores from hardened concrete. Most agencies do no t  take 

cores r o u t i n e l y .  I f  cores be la ted l y  con f i rm  concrete i s  o f  poor q u a l i t y ,  

e.g., poo r l y  consol idated, then the  concrete may need t o  be removed o r  o ther  

expensive c o r r e c t i v e  measures may need t o  be appl ied.  

Consol idat ion t e s t i n g  a l s o  a l lows h igher  sampling frequencies than are 

a v a i l a b l e  w i t h  o ther  d iagnost ic  t e s t i n g .  A nondestruct ive conso l i da t i on  t e s t  

can e a s i l y  be made a t  i n t e r v a l s  o f  40 t o  50 f t  (10 t o  12 m). Obta in ing cores 

f rom hardened concrete t o  determine concrete q u a l i t y  would n o t  be nea r l y  as 

cos t -e f fec t i ve .  



5. Recormendations f o r  F i e l d  Mon i to r ing  o f  Conso l ida t ion  

The f i e l d  t r i a l s  o f  t h e  proposed acceptance p l a n  f o r  conso l i da t i on  

i n d i c a t e  t h a t  i t  i s  p r a c t i c a l  and economical ly f e a s i b l e  t o  moni tor  

conso l i da t i on  o f  concrete pavements. However, because such mon i to r i ng  would 

be a new f e a t u r e  w i t h  regards t o  c o n t r o l  o f  paving concrete q u a l i t y ,  i t  i s  

recommended t h a t  highway agencies use the  proposed acceptance p l a n  f o r  t he  

f i r s t  year p r i m a r i l y  t o  moni tor  concrete conso l i da t i on  and n o t  f o r  acceptance 

purposes. Both highway agency and con t rac to r  personnel need t o  become 

f a m i l i a r  w i t h  t he  necess i ty  and the  procedures f o r  c o n t r o l l i n g  concrete 

conso l ida t ion .  The one-year t r i a l  pe r i od  would a l s o  a l l o w  development o f  a  

data base on f i e l d  conso l i da t i on  and t o  make rev i s i ons ,  i f  necessary, i n  t h e  

proposed model acceptance p lan.  

Dur ing the  t r i a l  per iod, conso l i da t i on  can be monitored du r i ng  t h e  one o r  

two days a t  t h e  s t a r t  o f  t h e  paving opera t lon  and then occas iona l l y  

t h e r e a f t e r .  Continuous mon i to r ing  i s  n o t  recommended as being c o s t - e f f e c t i v e  

a t  t h i s  t ime. However, a d d i t i o n a l  mon i to r ing  cou ld  be performed on l a r g e r  

p r o j e c t s  when t h e  paver i s  replaced o r  ex tens i ve l y  repa i red  o r  i f  major 

changes a re  made i n  t h e  paving procedure. 



SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

1. Summary and Conclusions 

A concrete pavement i s  a  manufactured item. Therefore, i t  i s  necessary 

t o  ensure t h a t  q u a l i t y  c o n t r o l  i s  exercised a t  a l l  c r i t i c a l  phases o f  
t 

product ion.  Present ly,  q u a l i t y  c o n t r o l  s p e c i f i c a t i o n s  e x i s t  t o  assure a  

q u a l i t y  product through a l l  phases o f  cons t ruc t i on  up t o  d e l i v e r y  o f  concrete 

a t  a  s i t e .  However, t he re  a re  no d i r e c t  s p e c i f i c a t i o n s  a v a i l a b l e  t o  moni tor  

concrete q u a l i t y  a f t e r  t he  concrete i s  placed i n  f r o n t  o f  t he  paver. 

I n  t h i s  study t h e  importance o f  achiev ing proper conso l i da t i on  o f  

concrete has been demonstrated. F a i l u r e  t o  achieve f u l l  conso l i da t i on  can 

r e s u l t  i n  s i g n i f i c a n t  l oss  i n  s t rength,  bond t o  r e i n f o r c i n g  s tee l ,  and l a r g e  

increases i n  pe rmeab i l i t y  o f  concrete. Compressive s t reng th  may be reduced as 

much as 30 percent f o r  a  5 percent reduc t ion  i n  degree o f  conso l ida t ion .  Bond 

t o  r e i n f o r c i n g  s t e e l  i s  even more d ramat i ca l l y  reduced due t o  inadequate 

conso l ida t ion .  

Nuclear dens i t y  gauges o f f e r  a  rap id  means f o r  c o n t r o l l i n g  d e n s i t i e s  i n  

t he  f i e l d .  Many o f  these devices a re  commercially ava i l ab le ,  and can be used 

t o  determine dens i t y  o f  sur face l aye rs  as w e l l  as t o  ob ta in  i n fo rma t ion  on 

dens i t y  through the  f u l l  th ickness o f  t he  slab. A t  present, 25 States a re  

using, o r  have used, nuclear  dens i ty  gauges f o r  mon i to r ing  concrete dens i ty .  

Only h a l f  o f  t h i s  number, however, use the  gauge on a  r o u t i n e  basis,  most ly  

app l ied  t o  dens i t y  measurements on low slump dense concrete (LSDC) bridge-deck 

overlays. Use on f u l l  depth pavements i s  minimal a t  t h i s  t ime. 

A conso l i da t i on  mon i to r ing  device (CMD) has been developed which can be 

mounted on a  paver and used t o  ob ta in  continuous data on conso l i da t i on  o f  

concrete i n  t he  upper 4 inches (100 mm) o f  t he  pavement surface. This  device 

has been used on an experimental basis  w i t h  good r e s u l t s .  

Using c a r e f u l  procedures, p r e c i s i o n  o f  nuclear  dens i ty  gauge readings can 

be b e t t e r  than 1 l b / f t 3  (16 kg/m3). F i e l d  data i n d i c a t e  o v e r a l l  

v a r i a b i l i t i e s  o f  readings on we l l - con t ro l l ed  p r o j e c t s  t o  be i n  t he  range o f  1  

t o  2  l b / f t 3  (16 t o  32 kg/m3). Improved methods o f  f i e l d  c a l i b r a t i o n  are  

needed i n  order t o  r e a l i z e  the  f u l l  p o t e n t i a l  o f  nuclear  densSty devices. 

A model acceptance p lan  f o r  inspect ion  o f  concrete consolidation has been 

proposed based p r i m a r i l y  on the  e f f e c t  o f  concrete conso l ida t ion  on pro jec ted  

pavement serv ice  l i f e .  The model acceptance p lan  l s  based on the  i nspec t i on  



by var iab les  form, r a t h e r  than inspect ion  by a t t r i b u t e s .  The proposed p lan  

based on buyer 's  and s e l l e r ' s  r i s k s  o f  5 percent  requ i res  a  sample s i z e  o f  8 

and a  minimum q u a l i t y  l e v e l ,  QL, o f  0.66. Procedures f o r  acceptance 

sampling when the  C I D  i s  used a r e  a l s o  discussed. 

F i e l d  t r i a l s  o f  t h e  proposed acceptance p lan  f o r  conso l i da t i on  i n  Idaho 

and Iowa i n d i c a t e  t h a t  i t  i s  p r a c t i c a l  and economically f e a s i b l e  t o  moni tor  

conso l i da t i on  o f  concrete pavements. Consol idat ion t e s t i n g  r e s u l t s  a re  

immediately a v a i l a b l e  and the re fo re  problems w i t h  concrete q u a l i t y  can be 

q u i c k l y  cor rec ted  w i thou t  s i g n i f i c a n t  losses i n  t ime and money. 

Study r e s u l t s  demonstrated t h a t  concrete conso l i da t i on  i s  an tmportant 

p roper ty  o f  concrete and i s  c r i t i c a l  t o  satisfactory performance o f  concrete 

pavements. Use of nuclear  densitygau-gesor t h e  CMD f o r  i nspec t i on  o f  dens i t y  

should be considered t o  be a  p r a c t i c a l  necessi ty .  

2. Recommendations f o r  Future Research 

Analys is  o f  the  r e s u l t s  o f  t h i s  study has demonstrated the  need f o r  

f u r t h e r  research i n  t h i s  area. The fo l lowqng t o p i c s  should be considered: 

I t  i s  known tha t ,  f o r  wel l -consol idated concrete, such p rope r t i es  as 
f l e x u r a l  and t e n s i l e  s t reng th  and e l a s t i c  modulus can be r e l a t e d  t o  
compressive st rength.  I n  t h i s  program, no d i r e c t  measurements o f  the  
e f f e c t s  o f  conso l i da t i on  on any mechanical p rope r t i es  o ther  than 
compressive s t reng th  and bond o f  concrete t o  r e i n f o r c i n g  s t e e l  were 
made. More i n fo rma t ion  i s  needed regarding the  e f f e c t s  o f  
conso l i da t i on  on o ther  mechanical p roper t ies ,  f rom which c u r r e n t  
r e l a t i o n s h i p s  between compressive s t reng th  and these p rope r t i es  could 
be v e r i f i e d ,  o r  mod i f ied  as needed. 

The s t i f f ,  paving grade concrete used i n  t h i s  study made i t  d i f f i c u l t  
t o  study the  e f f e c t s  o f  o v e r v i b r a t i o n  and segregat ion on important  
p rope r t i es  o f  concrete. Much work needs t o  be done i n  t h i s  area 
us ing more f l u i d  mixtures which would be more suscept ib le  t o  
overconsol idat ion.  

Results o f  t h i s  program ind i ca ted  t h a t  degree o f  conso l i da t i on  has 
l i t t l e  impact on res is tance o f  p rope r l y  a i r -en t ra ined  concretes t o  
f reez ing  and thawing. This may n o t  be t r u e  o f  concretes where lower 
. l e v e l s  o f  a i r  content  a re  obtained, o r  where marginal aggregate 
sources a r e  used.- Add i t i ona l  work i n  t h i s  area would be b e n e f i c i a l .  

Procedures used t o  e s t a b l i s h  f i e l d  reference dens i t y  standards f o r  
c a l i b r a t i o n  o f  nuclear  dens i t y  gauges vary w ide ly  between S ta te  
highway agenctes. A cons is ten t  and r e l i a b l e  procedure needs t o  be 
developed. I n  order t o  func t i on  adequately as a  standard the  
r e p r o d u c i b i l i t y  o f  such a  procedure must be super io r  t o  the  inherent  
p rec i s ion  o f  nuclear  dens i ty  gauges. 



An inves t iga t ion  should be made i n t o  recent ly  developed techniques 
f o r  using scattered rad ia t i on  t o  measure densi ty  o f  l oca l i zed  
i n t e r n a l  volumes. A continuous monitor ing device which would be 
capable o f  localizing densi ty w i t h  depth i s  feasib le.  

E f f o r t  should be made t o  obta in  d i g i t i z e d  Inplace densi ty informat ion 
f o r  the CHD. The a v a i l a b i l i t y  o f  the d i g i t i z e d  informat ion together 
w i t h  automatic computation of  the mean and standard dev ia t ion  f o r  a 
group o f  readings would make the use o f  the CHD very a t t r a c t i v e  f o r  
acceptance sampling o f  concrete consol idat ion. 

The mode1 acceptance sampling plan presented i n  t h i s  repor t  should be 
f i e l d  tested a t  several pro jec ts  i n  d i f f e r e n t  States. F i e l d  t es t i ng  
o f  the p lan w i l l  provide assessment o f  the plan i n  terms o f  the 
fo l lowing:  

P r a c t i c a l i t y  o f  the plan. 
Cost o f  tes t ing .  
I d e n t i f i c a t i o n  o f  po ten t i a l  ambiguit ies. 
Effect iveness o f  the recommended lower l i m i t  o f  97 percent f o r  
the degree o f  consol idat ion.  
Highway agency and contractor  responses. 

For the f i r s t  year, the plan should be used p r ima r i l y  t o  monitor 

conso l idat ion and t o  familiarize State highway agency and contractor  personnel 

w i t h  the acceptance plan requirements. 



APPENDIX A: 

Batch Analyses of Concrete Mlxtures 

Concretes were cast t n  three rounds prepared on three separate days f o r  each 
o f  t h e + s $ x  mixtures. Two separate batches of  concrete were cast  f o r  each 
round. Table 3 5  shows calculated batch quant l t tes ,  usjng measured a t r  
content t o  determine batch volume. 



Table 35. Concrete mix proport ions and characteristics 

Propor t i ons Characteri s t  i cs 

Quantities, lb/yd 3 I/ 

Coarse 
nix Round Batch Aggregate Cement Sand Aggregate Uater U/C Ratio slump2/ A i r  Content 
No. (SSD) (SSD) ( i nches) % 

A Limestone 515 

A Gravel 520 
B II 5 16 
A I 1  52 1 
8 I1 523 
A II 519 
B II 526 

11 kg/$ = I b/ d3 x 0.5933 
21 m = in. x $5.4 
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